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Experiments  were  conducted  from  1994-1996  to  determine  if  rice  blast  could  be 
managed  with  silicon  alone  or  with  fungicides  applied  at  strategic  times  or  reduced  rates. 
In  1994,  soil  at  two  locations  in  Colombia  was  treated  with  400  kg  of  silicon  (Si)  ha'1 
alone  or  with  fungicides  applied  at  di  fferent  growth  stages  of  rice.  Leaf  blast  was 
reduced  63-70%  at  both  locations  by  Si  and  Si  plus  edifenphos,  as  compared  to  the 
control.  Silicon  plus  one  or  two  applications  of  fungicide  generally  decreased  neck  blast 
and  grain  discoloration.  Single  applications  of  fungicide  increased  yields  43-53%.  At 
one  location,  neck  blast  was  reduced  and  yield  was  increased  by  Si  alone,  and  leaf  scald 
was  reduced  20-52%  by  Si  alone  or  with  fitngicides. 

In  1995  and  1996,  Si  was  applied  at  1000  kg  ha1,  in  combination  with  edifenphos 
and  tricyclnzolo  at  reduced  rates  to  determine  offects  on  blast  and  yield.  At  two  locations. 


seventy  of  blast  and  final  disease  for  Si  alone  and  Si  plus  edifenphos  were  22-75%  lower 
than  the  untreated  checks.  Final  disease  and  overall  severity  of  blast  for  Si  alone  were 
not  different  from  plots  treated  with  full  rates  of  edifenphos  in  1995,  but  were  reduced 
10-14%  in  1996.  In  general.  Si  alone  increased  yields  as  well  as  full  rates  of  fungicide, 
Silicon  applied  in  1995  had  residual  activity  against  blast  in  1996. 

Resistant,  partially  resistant,  and  susceptible  cultivars  were  fertilized  with  Si  to 
examine  effects  on  blast,  leaf  scald,  and  yield.  Leaf  blast  was  controlled  as  effectively  by 
Si  on  partially  resistant  and  susceptible  cultivars  as  on  resistant  cultivars  without  Si.  Leaf 
scald  was  generally  reduced  on  all  cultivars  by  Si.  Neck  blast  was  reduced  by  Si  on 
partially  resistant  and  susceptible  cultivars.  Yields  were  greater  on  Si-treated  cultivars 
than  untreated  cultivars. 

Silicon  affected  several  components  of  resistance  to  blast  in  susceptible,  partially 
resistant,  and  resistant  cultivars.  The  number  of  sporulating  lesions  was  reduced  by 
calcium  silicate.  Lesion  size  and  sporulation  per  lesion  were  reduced  by  Si. 

Silicon  can  be  used  to  manage  rice  diseases,  and  may  be  useful  to  increase  rice 
yields  without  further  genetic  improvements. 


CHAPTER  1 
INTRODUCTION 


More  than  60%  of  the  world's  population  utilizes  rice  (Oryza  saliva  L.)  as  a major 
source  of  carbohydrates  (99).  Rice  is  cultivated  mainly  in  irrigated,  lowland  ecosystems, 
and  in  upland,  or  dry,  ecosystems  (1 8,99).  Rice  grown  in  flooded  ecosystems  accounts 
for  90%  of  worldwide  production,  and  upland  rice  provides  the  remaining  10%  (20). 

Silicon,  a major  constituent  of  the  earth's  crust  and  the  second  most  abundant 
element  in  agricultural  soils,  is  not  listed  among  those  typically  considered  to  be 
necessary  for  plant  growth.  Despite  this,  silicon  can  account  for  up  to  10%  of  total 
biomass  for  certain  plant  species  (47,50).  Plants,  including  rice,  that  have  access  to 
soluble  silicon  oflen  exhibit  improved  growth,  disease  resistance,  resistance  to  insect 
feeding,  improved  mineral  nutrition,  and  reduced  mineral  toxicity  (47,50,127). 


potentially  silicon-deficient  soils  worldwide  (33,99).  The  savannah  system  of  Latin 
America,  comprised  of  Uitisols  and  Oxisols,  covers  approximately  300  million  hectares; 
and  portions  are  under  development  for  pastures  and  cropping  (33).  In  Colombia,  rice 
production  is  being  introduced  into  the  savannahs  to  meet  expanding  demands  and  also  as 
a cosl-cflcctivc  means  of  establishing  productive  pasture  lands  (33);  however,  rice 
cultivation  is  limited  by  soil  acidity  and,  more  importantly,  disease.  In  feet,  the  major 
limiting  factor  to  rice  farmers  in  upland  systems  is  blast,  caused  by  Magnaporthe grisea 
(Hebert)  Barr  (1 5,1 10).  Other  diseases  vary  from  season  to  season  in  their  significance; 


i on  approximately  20  million  hectares  of 


examples  includes  brown  spot,  caused  by  Cochliobolus  miyabeanus  (Ito  & Kuribayashi 
in  Ito)  Drechs.  Ex  Daxtur;  leaf  scald,  caused  by  Monographella  albescens  Theum.;  sheath 
blight,  caused  by  Thanatephorus  cucumeris  (Frank)  Donk;  and  grain  discoloration, 
caused  by  a complex  of  insects  and  fungi  (15,1 1 1,145). 

Application  of  fungicides  and  the  utilization  of  resistant  rice  cultivars  arc  the 
management  tools  now  used  for  blast  and  other  diseases  ( 1 5,34,36, 1 1 0),  Because  of 
their  high  cost,  fungicides  arc  of  questionable  value  to  poor  fanners  in  upland  ecosystems 
(99).  The  use  of  resistant  cultivars  has  its  limitations,  as  the  genetic  variability  of  rice 
pathogens,  such  as  At  grisea,  results  in  the  breakdown  of  resistance  within  a few  years 
after  release  of  the  cultivar  (3,34,36).  Other  options  need  to  be  investigated  to  control 
diseases  of  rice,  and  the  use  ofsilicon  fertilization  is  one  possibility.  In  previous 
research,  Dautoff  et  al.  (41,42),  Aleshin  (4),  and  Correa- Victoria  et  al.  (33)  demonstrated 
that  applications  of  silicon  to  silicon-deficient  soils  resulted  in  increased  yields  and 
reduced  severity  of  disease.  Silicon  treatments  also  have  been  shown  to  control  blast  at 
levels  comparable  to  commercially  available  fungicides  (41).  Therefore,  further  research 
is  necessary  to  characterize  the  various  components  of  the  role  of  silicon  in  reducing 
diseases  of  rice. 

The  present  study  was  initiated  to  evaluate  the  performance  of  silicon  with 
fungicides  applied  al  shortened  spray  schedules  and  reduced  rates  for  the  control  of  leaf 
blast  and  leaf  scald,  and  to  improve  grain  yields  and  quality.  Further  studies  were 
conducted  to  determine  how  silicon  interacts  with  cultivars  of  rice  with  various  levels  of 
resistance  to  blast  on  the  control  of  this  disease.  Finally,  to  understand  how  silicon  acts 
to  reduce  blast  in  rice,  the  effects  of  silicon  on  several  components  of  resistance  to  blast 


were  studied.  Information  obtained  from  these  studies  will  be  useful  to  determine 


whether  the  incotporation  of  silicon  into  integrated  pest  management  strategies  would 
provide  an  effective  means  to  reduce  inputs  of  costly  fungicides  and  fertilizers,  to 
compliment  resistance  to  blast  in  the  rice  plant,  and  to  provide  greater  insight  into  the 
mechanisms  by  which  silicon  acts  to  reduce  blast  and  other  diseases  of  rice. 


CHAPTER  II 

REVIEW  OF  LITERATURE 

Rice  and  rice  production.  Rice  (Oryza  saliva  L.)  is  the  major  source  of  calories 
for  roughly  60%  of  the  world's  population  (99).  Oryza  saliva,  along  with  O.  glaberrima, 
represents  the  main  species  of  cultivated  rice  that  have  been  associated  with  man  for  over 
3,000  years  ( 1 5 1).  Asia  is  thought  to  be  the  point  of  origin  of  O.  saliva,  and  records  of  its 
cultivation  date  back  to  3,000  BC  (64, 151).  Two  major  races  of  O.  saliva,  Indica  and 
Japonica,  are  the  types  planted  in  greatest  abundance.  Indica  types  arc  characterized  by 
tall  plants  that  produce  large  grains  and  are  thought  to  have  evolved  in  tropical  areas. 
Japonica  types,  which  are  typically  short-statured  plants  that  yield  small  grains,  likely 
originated  in  temperate  areas  (64, 151). 

The  ubiquity  of  rice  as  a food  crop  is  due  in  part  to  its  adaptability  to  diverse 
climates,  soil  types,  and  water  regimes.  Most  rice  is  grown  in  areas  defined  as  tropical 
lowlands;  however,  it  is  also  cultivated  os  far  north  as  latitude  50°  and  as  far  south  os 
latitude  35°  at  altitudes  that  range  from  sea  level  to  3,000  m (64,1 51).  Rice  production  is 
categorized  by  the  type  of  ecosystem  in  which  it  is  grown.  Four  major  rice  ecosystems 
exist:  irrigated,  rainfed  lowland,  upland,  and  flood-prone  (99).  The  International  Rice 
Research  Institute  (IRRI)  defines  an  irrigated  rice  ecosystem  as  one  in  which  rice  is 
grown  in  dammed  (bunded)  fields  with  a controlled  source  of  irrigation  for  one  or  more 
crops  annually  (99).  In  the  rainfed  lowland  ecosystem,  rice  is  grown  in  bunded  fields  but 
differs  from  the  irrigated  system  in  that  irrigation  water  is  provided  solely  by  rainfall. 


The  depth  of  irrigation  water  cannot  exceed  50  cm  for  more  than  1 0 days  consecutively 
(99).  Upland  rice  ecosystems  vary  in  land  type  from  flatlands  to  hillsides,  and  are 
characterized  by  dry  soil  preparation,  direct  seeding,  and  irrigation  via  natural  rainfall. 

No  appreciable  accumulation  of  surface  water  occurs  in  upland  fields  (64,99).  Flood- 
prone  ecosystems  are  those  in  which  the  rice  crop  may  be  temporarily  submerged  (1-10 
days)  or  subjected  to  standing  water  of  between  50  and  400  cm  from  l-5monlhs.  This 
ecosystem  type  includes  deepwater  and  floating  rices  (15,99).  In  terms  of  global  rice 
production,  irrigated  ecosystems  account  for  45%  of  global  production,  rainfed  lowland 
ecosystems  produce  30%,  upland  ecosystems  are  responsible  for  10%,  and  flood-prone 
ecosystems  provide  the  remaining  15%.  The  International  Rice  Research  Institute 
estimates  that  there  arc  approximately  80, 36, 19,  and  13  million  hectares  planted  to 
irrigated,  rainfed  lowland,  upland,  and  flood-prone  rice,  respectively  (99).  Of  the  19 
million  hectares  of  upland  rice  cultivated  worldwide,  nearly  3.3  million  are  located  in  the 
savannas  of  Latin  America. 

Rice  in  the  United  States  is  grown  on  approximately  21  million  hectares  in 
bunded,  irrigated  fields  (99).  Arkansas,  Mississippi,  Missouri,  and  Northern  Louisiana 
accounted  for  59.5%  ofthe  rice  produced  in  the  U.S.  in  1992,  Southern  Louisiana  and 
Texas  produced  27%,  and  California  produced  12.7%  ofthe  total  (86).  in  Florida,  the 
land  area  planted  to  rice  in  1991  totaled  8,480  hectares,  and  the  value  ofthe  rice  crop  was 
about  SI0  million  (128). 

The  rice  plant.  Oryza  saliva  is  a scmiaquatic  annual  grass  belonging  to  the 
family  Poaceae  (76).  Characteristics  of  O.  saliva  include  a diploid  genome  with  24 
chromosomes;  cylindrical,  hollow  culms  that  are  jointed;  flat,  alternately  borne  leaves 


that  consist  of  a stem-enveloping  sheath  and  a lamina;  a fibrous  root  system;  and  terminal 
inflorescences,  called  panicles,  that  arc  many-branchcd  and  bear  spikelcts  (1 5,64,99). 

Rice  has  several  anatomical  and  physiological  mechanisms  that  permit  its 
cultivation  in  aquatic  systems.  Because  the  flooded  soil  at  the  root-soil  interface  contains 
little  O,,  respiration  of  roots  brings  about  a rapid  depletion  of  the  element  (45, 134). 

Since  O,  is  necessary  as  an  electron  acceptor  in  the  electron-transport  chain  of  aerobic 
respiration,  a lack  of  02  results  in  cell  death,  and  thus  death  of  the  root  and  plant  (126). 
Rice  possesses  adaptations  for  survival  in 


followed  by  the  colcoptile;  however,  if  the  seed  germinates  in  an  anaerobic  environment, 
the  colcoptile  emerges  first.  The  root  develops  only  after  the  colcoptile  reaches  aerated 
portions  of  the  environment  (99).  The  roots  of  rice  plants  feature  tissue  with  air-filled 
pore  spaces  (aerenchyma)  (76).  These  are  connected  to  internal  air  spaces  in  the  culm, 
which  are  in  turn  connected  to  similar  tissue  in  the  leaf  sheath  and  leaf.  This  provides  a 
pathway  for  the  diffusion  of  air  from  the  stomata  to  the  actively  dividing  root  tips.  Roots 
of  rice  arc  rarely  found  below  depths  of  40  cm  due  to  the  limited  ability  of  the 
aerenchyma  to  deliver  oxygen  to  the  root  tips  (45, 134).  They  also  arc  capable  of 
utilising  respiratory  pathways  that  consume  minimal  molecular  oxygen,  and  also  can 
undergo  fermentativo  cycles  that  pormit  growth  in  low  oxygen  situations.  Rice  roots  also 
have  been  reported  to  oxidize  a limited  portion  of  the  rhizospherc  (134). 

Most  varieties  of  O.  saliva  mature  within  1 20- 1 70  days  after  planting.  The  period 
from  germination  to  maturity  can  be  broken  into  three  main  stages:  vegetative, 
reproductive,  and  grain  filling  to  maturation  (45, 151).  The  vegetative  stage  begins  with 


seed  gemination  and  continues  until  the  plant  produces  its  maximum  number  of  tillers 
(secondary  stems)  (64).  The  reproductive  stage  statu  with  the  initiation  of  panicle 
primordia  (called  panicle  initiation  or  "greening")  and  continues  until  panicle  emergence. 
During  the  reproductive  stage,  tiller  number  decreases  and  the  flag  leaf  emerges  (45, 99). 
Grain  fill  begins  after  panicles  have  emerged  and  spikelet  anthesis  (flowering)  has 
occurred.  This  stage  can  be  subdivided  into  milky,  dough,  yellow-ripe,  and  maturity 
phases  (99).  The  ripening  period  is  sensitive  to  temperature  and  varies  from  1 5 to  40 
days  after  anthesis  (45). 

Constraints  to  rice  production.  Constraints  to  rice  production  vary  by 
ecosystem  and  geographical  location.  According  to  DoDatta  (45),  improper  management 
of  fertilizers  and  pesu  (diseases,  insects,  and  weeds)  rank  number  one  and  two, 
respectively,  as  the  limiting  factors  for  higher  yields  in  irrigated  and  rainfed  lowland 
ecosystems.  Other  yield-limiting  factors  include  poor  water  management,  drought,  and 
poor  drainage  control  (64,99).  Upland  ecosystems  suffer  from  the  same  types  of 
constraints  to  production,  but  to  a greater  degree.  Weeds  are  reported  to  be  the  greatest 
problem  in  upland  rice.  Weed  competition  in  irrigated  rice  is  drastically  reduced  by  the 
practice  of  flooding  rice  fields;  however,  in  the  unbunded  upland  fields,  weeds  must  be 
removed  by  labor-intensive  hand  weeding  or  expensive  herbicides  (45, 64).  Fungal 
diseases  arc  considered  to  be  the  second  most  important  problem  (99,1 10,151). 

Examples  include  rice  blast,  caused  by  Magnaporthe  grisca  (Hebert)  Barr  [anamoiph  = 
Pyricularia  grisea  (Cooke)  Sacc.];  brown  spot,  caused  by  Cochliobolus  miyabeanus  (Ito 
& Kuribayashi  in  lto)  Drcchs.  ex  Daxtur;  sheath  blight,  caused  by  Thanalephorus 
cucumeris  (Frank)  Donk;  and  leaf  scald,  caused  by  Monographella  albescens  Theum. 


Insects  reduce  yields  through  feeding  and  function  as  vectors  of  important  viral  diseases, 
such  as  rice  tungro,  rice  stripe,  and  hoja  blanca  (1 10,145).  Physical  constraints  include 
insufficient  rainfall  or  irrigation  and  poor  soil  fertility.  Soils  used  for  the  cultivation  of 
upland  rice  tend  to  be  acidic  (resulting  in  Mn  and  Al  losicitics),  highly  weathered  and 
leached,  and  deficient  in  N,  P,  K,  and  silicon  (99,127,134,152). 

Rice  blast.  Rice  blast  is  common  to  every  rice-producing  region  of  the  world  and 
is  the  most  serious  disease  of  rice  in  terms  of  yield  loss  (15,1 10,1 15,145),  Rice  blast  is 
especially  problematic  in  temperate  lowlands,  al  high  altitudes  in  the  tropics,  and  in 
upland  rice  (15,1 10).  Rice  is  most  susceptible  to  infection  by  M.  grisea  in  seedbeds, 
during  tillering,  and  following  emergence  of  panicles  (10).  Generally,  infections  occur 
during  vegetative  growth  on  leaves,  and  during  the  reproductive  phase  on  neck  nodes  and 
panicles.  Therefore,  the  pathosystem  of  rice  blast  can  be  split  into  the  leaf  blast 
pathosystem  and  the  neck  blast  pathosystem  (144).  Leaf  blast  causes  yield  loss  by 
reducing  plant  height,  number  of  tillers,  and  the  number  of  ripe  panicles  at  harvest  (61). 
In  analysis  of  yield  components  by  Bastiaans  cl  al.  ( 1 0),  the  1 000  grain  weight  and 
number  of  spikelcts  per  panicle  were  most  affected  by  leaf  blast,  and  these  reductions 
were  chiefly  due  to  lowered  nitrogen  uptake.  Neck  blast  causes  yield  loss  by  interrupting 
the  flow  of  water  and  photosynthate  to  developing  panicles,  resulting  in  empty  or 
partially  filled  grains  (15,1 10).  Of  the  two  forms  of  the  disease,  neck  blast  is  the  most 
severe  with  regard  to  lost  yield  (110,145).  Bastiaans  et  al.  (10)  stated  that  estimated  direct 
yield  loss  ranges  from  0.4  to  1 .0%  infected  panicles  annually,  and  losses  from  individual 
epidemics  have  been  devastating  (109). 


In  the  United  States,  rice  blast  had  been  of  minor  importance  in  all  rice-growing 
states  and  was  not  a significant  problem  until  the  mid  to  late  1980s,  when  epidemics  of 
the  disease  reduced  yields  by  10-26%  in  Arkansas  and  Texas  (86,94,95).  Epidemics  of 
blast  in  the  early  1990s  in  Texas  were  considered  to  be  the  worst  in  that  state's  history 
(95).  Rice  blast  was  unknown  in  California  until  1997  (63). 

Green  (62),  in  the  1950s,  reported  that  rice  blast  was  the  most  important  of  the 
fungal  diseases  infecting  rice  in  Florida.  The  most  severe  epidomic  of  leaf  blast  to  occur 
in  the  United  States  until  that  time  occurred  in  Belle  Glade  in  1 952  (62).  Currently,  the 
most  important  diseases  of  rice  in  Florida  arc  rice  blast  and  brown  spot  (43,1 28).  Datnoff 
et  al..(40,41)  reported  incidences  of  neck  blast  of 46-73%  in  untreated  test  plots.  Datnoff 
and  Can-oil  (38)  estimated  that  reductions  of  yield  and  yield  quality  associated  with  blast 
were  roughly  26%  and  2 1 %,  respectively,  in  Florida. 

History  and  taxonomy.  According  to  Padwick  (113),  rice  blast  was  first 
described  in  1704  in  Japan  by  Tsuchiya.  Reports  from  Italy  by  Astolfi  (1828), 

Brugnatclli  (1838),  and  Gera  (1846)  describe  a disease  called  brusone  that  likely  was  rice 
blast  (113),  although  Ou  (1 10)  reported  that  brusone  could  possibly  have  been  another 
disease  or  mixture  of  diseases.  The  fungal  pathogen  causing  blast  was  described  from 
diseased  rice  leaves  in  1892  by  Cavara,  who  named  the  fungus  Piricularia  oryzae ; 
however,  earlier  descriptions  of  the  genus  by  Saccardo  contained  on  incorrect  spelling  of 
the  Latin  name,  therefore  under  Article  73  of  the  International  Congress  of  Botanical 
Nomenclature,  the  correct  name  of  the  genus  is  spelled  Pyricularia  (122).  The  name 
Dactylaria  oryvae  has  also  been  used  to  describe  the  rice  blast  fungus,  according  to 
Asuyama  (6),  but  is  pre-dalcd  by  P.  oryzae  (122). 
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For  many  years,  P.  oryzae  was  believed  to  be  distinct  from  Pyrlcularia  grisea 
Sacc.,  despite  possessing  identical  morphological  characters  (6,122,155).  Several 
researchers  had  suggested  that,  indeed,  P.  oryzae  and  P.  grisea  were  the  same  fungus,  but 
no  consensus  was  reached  until  1990  (6,67,122).  Rossman  ct  al.  (122)  successfully 
proposed  that  P.  oryzae  be  synonymized  with  P.  grisea,  with  the  older  P.  grisea  taking 
priority.  The  authors  determined  that  the  two  were  morphologically  similar,  based  upon 
study  of  type  specimens  and  also  by  evidence  presented  by  Yaegashi  and  Udagawa  (1 55) 
that  crosses  between  P.  oryzae  and  P.  grisea  resulted  in  successful  production  of  the 
sexual  stale. 

A sexual  state  of  P.  grisea  from  rice  or  other  grasses  was  not  known  until  1971, 
when  Hebert  (67)  successfully  produced  perithecia  by  crossing  two  isolates  of  P.  grisea 
obtained  from  crabgrass  ( Digitaria  sanguinalis  L.).  Hebert  named  the  ascomycete 
lelcomorph  Ceraiospliaeria  grisea  ( Diaporlliaceae ),  but  expressed  concern  that 
placement  into  the  Diaporlliaceae  was  "not  clearly  indicated"  because  of  the  lack  of 
consensus  regarding  the  limits  of  the  family  (67).  Barr  (9)  later  transferred  C.  grisea  to 
the  genus  Magnaporthe,  which  was  independently  confirmed  by  Yaegashi  and  Udagawa 
(155).  The  cottcci  name  of  the  lelcomorph  of  the  rice  blast  fungus  was  accepted  as 
Magnaporthe  grisea  (Hebert)  Barr.  Barr  considered  Magnaporthe  a member  of  the 
Pliysosporellaceae  (correct  name:  Hyponectnaceae);  however,  Cannon  (23)  proposed 
that  a new  family,  Alagnaportliaceae,  be  erected  to  accommodate  Magnaporthe, 
Gaeumannomyces,  Herbampulia,  Bnergenerula,  Clasterosphaeria,  Pseudolracylla,  and 


Morphology.  The  anamorph  of  At  grisea , Pyricularia  grisea,  has  Ihe  following 
characteristics:  macroncmatous  habit;  conidiophorcs  slender,  with  a mostly  unbranchcd 
growth  habit;  straight  or  flexuous  conidiophorcs  that  arc  geniculate  towards  the  apex  and 
light  brown  in  color;  and  conidia  that  arc  pyriform,  hyaline  to  pale  olivaceous  brown,  and 
two-septate.  Conidiophorcs  typically  emerge  from  stomata  singly  or  in  groups.  Conidia 
range  in  size  from  19-27  x 8-10  pm  and  possess  a small  basal  appendage  (49,145). 
Colonies  of  P.  grisea  tend  to  be  effuse,  gray  to  olive-green,  with  immersed  mycclia. 
Chtamydospores  are  occasionally  found  (6,49). 

As  described  by  Hebert  (67),  pcrithccia  of  At  grisea  appear  singly  or  in  groups,  in 
the  absence  of  a stroma.  Pcrithccia  arc  found  wholly  or  partially  imbedded  in  the 
substrate  and  have  long,  beaked  necks.  The  base  of  the  pcrithecium  is  dark  and  globose, 
with  an  average  measurement  of 90  x 600  pm.  Pcrithccial  beaks  arc  at  first  hyaline  and 
later  become  brown-colored.  Tile  neck  of  the  pcrithecium  is  lined  with  deliquescent 
pcriphyscs,  and  unitunicatc  asci  arise  from  the  base  of  the  perithecial  cavity  and  produce 
hyaline,  fusiform,  three-septate  ascospores  (15,67).  A refractive  ring  is  present  at  the  tip 
of  the  ascus  and  a pore  is  evident  at  the  tip  (67). 

Host  Range.  Magnaponhe  grisea  infects  numerous  members  of  the  Poaccac,  and 
isolates  tend  to  be  relatively  host-specific  (6,1 10,146).  Table  1.1  outlines  the  host  range 
of  At  grisea  (6,93, 1 10,145).  The  ability  of  At  grisea  isolates  to  infect  hosts  varies 
among  isolates  (6, 80, 93, 145, 146).  Goto  (61)  reported  that  isolates  of  At  grisea  obtained 
from  St.  Augustine  grass  were  capable  of  infecting  rice,  while  isolates  taken  from 
crabgrass  were  limited  to  that  host  only. 
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Pathogenic  races.  The  term  race  refers  to  pathogenic  race  (or  pathotype)  and  is 
used  to  describe  a group  of  biotypes  within  a given  species  that  is  virulent  upon  a limited 
number  of  host  cultivars  (1).  In  the  case  of  M.  grisea,  races  that  were  pathogenic  only  to 
particular  rice  varieties  were  recognized  as  early  as  1 922  in  Japan  (8).  By  the  early 
1960s,  several  sets  of  differential  varieties  to  separate  pathogenic  races  had  been 
developed  around  the  world.  This  proved  to  be  a barrier  to  the  exchange  and  comparison 
of  data  on  an  international  scale,  and  the  United  Statcs-Japan  Cooperative  Rice  Blast 
Project  was  initiated  to  develop  a standardized  set  of  differential  materials  for 
international  use  (8). 

A total  of  39  rice  varieties  from  the  U.S.,  Japan,  and  1 7 other  countries  were 
tested,  and  from  these  eight  were  selected  to  build  the  international  set  of  differentials. 
Bach  differential  serves  as  a "key  variety"  whose  susceptibility  to  a given  isolate  of  M. 
grisea  forms  the  basis  of  eight  pathogenicity  groups,  designated  A-H  (8).  Individual 
races  within  a group  are  numberedand  the  entire  race  code  is  prefixed  with  an  T 
(international).  The  eight  differentials  are  Raminal  Str.  (key  variety  for  group  A),  Zenith 
(group  B),  NP-I2S  (group  C),  Usen  (group  D),  Dular  (group  E),  Kanto  (group  F),  Sha- 
tiao-tsao  (group  G),  and  Caloro  (group  H).  With  this  classification  system,  it  is  possible 
to  separate  255  pathogenic  races  of M.  grisea  using  differentials  IA-IH  based  on  various 
combinations  of  resistant  and  susceptible  reactions.  A ninth  group,  II,  was  added  to 
accommodate  one  possible  race  resistant  to  all  eight  differentials,  bringing  the  total  to 
256(90). 

Pathogenic  races  arc  tested  on  the  differential  set  using  standard  procedures  for 
pathogen  culture,  inoculum  preparation,  planting,  inoculation  and  incubation  of  plants, 


and  rating  of  reaction  to  the  pathogen.  The  ratings  arc  resistant  (R  ■ no  reaction), 
moderate  (M  = small  or  restricted  lesions),  and  susceptible  (S  = well  developed  necrotic 
lesions).  Because  some  races  of  A/,  grisea  produce  intermediate  reactions  on  certain 
differentials,  a system  exists  to  allow  for  the  delineation  of  these  races.  Lower  case 
letters  (a-h),  which  represent  the  differential  varieties  that  showed  an  intermediate 
reaction  when  inoculated,  are  included  after  the  race  number  (90).  Ling  and  Ou  (90) 
observed  that,  while  existing  pathogenic  races  of  M.  grisea  could  be  partitioned  into  a 
rigid  set  of  race  numbers,  the  natural  population  of  the  pathogen  should  not  be  considered 
to  be  so  rigidly  structured.  By  the  1970s,  the  international  race  system  proved  to  be 
inadequate  to  meet  the  needs  of  various  worldwide  breeding  programs,  resulting  in 
modification  of  the  system  proposed  by  Ling  and  Ou  (90)  to  meet  local  needs  (18,162). 

Recently,  DNA  fingerprinting  and  RFLP  analysis  have  provided  greater  insight 
into  the  relationship  among  pathogenic  races  of  M.  grisea . In  the  United  States,  Levy  et 
al.  (89)  found  that  the  major  palhotypcs  of  A/,  grisea  were  discernible  by  DNA 
fingerprinting,  and  that  the  pathotypes  could  be  grouped  into  distinct  lineages.  Four 
distinct  fingerprint  groups  of  A/,  grisea  were  found  from  1 13  isolates  collected  in 
Arkansas  by  Xiactal.  (1S4),  In  that  study,  the  relatively  low  genetic  diversity  of 
pathogen  populations  was  thought  to  be  a reflection  of  the  limited  number  of  cultivate 
planted  in  the  United  Stales,  and  it  was  hypothesized  that  genetic  diversity  in  populations 
of  Af.  grisea  would  be  greater  in  areas  where  a larger  number  of  rice  cultivars  are  planted. 
Levy  et  al  (88)  tested  1 1 5 haplotypes  of  A/,  grisea  (representing  39  races  as  identified 
using  the  international  differential  set),  collected  at  a rice  breeding  nursery  in  Colombia, 
with  the  repetitive  DNA  clement  MGR586  and  found  that  the  isolates  could  be 


partitioned  into  six  distinct  lineages.  Furthermore,  isolates  within  a lineage  were 
determined  to  have  greater  than  92%  average  fingerprint  similarity,  and  90%  of  the 
pathotypes  tested  were  lineage-specific.  The  majority  of  the  pathotypes  tended  to  be 
cultivar  specific  within  a given  lineage  (35, 88). 

Genetics.  Sexually  reproducing  strains  of  M.  grisea  are  heterothallic 
(67,146,156).  Compatibility  between  mating  types,  Mall-l  and  Afrr/1-2,  is  controlled  by 
respective  alleles  of  the  mating  type  locus  (27,87,146).  To  date,  sexual  reproduction  has 
been  solely  a laboratory  phenomenon  resulting  from  crosses  between  isolates  of  M. 
grisea  on  artificial  media  or  sterilized  rice  straw  (27,67,133,155,161).  Although  the 
majority  of  rice  isolates  of  M,  grisea  cannot  reproduce  sexually  (162),  Siluc  and 
Notteghem  (133)  successfully  produced  perithecia  of  At.  grisea  on  greenhouse-grown  rice 
plants  following  inoculation  with  on  isolate  pathogenic  to  rice. 

In  nature,  Magnaporlhe  grisea  is  known  to  reproduce  only  by  asexual  means; 
however,  the  presence  of  numerous  pathogenic  races  and  high  levels  of  variability  have 
resulted  in  numerous  attempts  to  identify  the  mechanisms  by  which  this  variability  is 
generated  (7,15,60,62,67,1 10,138,162).  Early  workers  suggested  that,  in  the  absence  of 
sexual  reproduction,  mutation  or  a parasexual  cycle  might  explain  the  variability  in 
populations  ofAf.  grisea  (138).  Ou  and  Ayad  (1 1 1)  were  able  to  differentiate  10  different 
pathogenic  races  from  monoconidial  cultures  obtained  from  single  blast  lesions,  and 
concurred  with  Suzuki  (138)  that  parasexuality  or  mutation  resulted  in  the  variability 
observed.  Parasexual  reproduction  is  a process  in  certain  fungi  in  which  plasmogamy, 
karyogamy,  and  diploidization  occur  in  the  absence  of  a sexual  cycle  (5).  The  existence 
of  a parasexual  cycle  in  A/,  grisea  was  first  identified  by  Genovesi  and  Magill  (60),  who 


proved  that  hyphal  fusion  of  identical  auxoirophs  resulted  in  genetic  recombination. 
Recently  mcrodiploids  (isolates  that  exist  in  a partially  diploid  state  resulting  from 
parasexual  recombination)  have  been  identified  in  natural  populations  ofAf.  grixea  and 
have  forced  researcheni  to  reconsider  the  importance  of  parasexuality  in  the  rice  blast 
pathogen  (161). 

Symptoms.  Magnaporthe  grisea  is  capable  of  infecting  culms,  leaves,  auricles, 
panicle  necks,  and  panicle  branches  (15,1 10,145).  Lesions  that  appear  on  foliage  arc 
typically  elongated  and  spindle  shaped  with  a white  to  gray-green  sporulating  center,  and 
in  highly  susceptible  cultivars,  lesions  may  coalesce  (1 10,145).  Older  lesions  lend  to  be 
white-gray  in  color  and  possess  a necrotic  margin  (15).  Leaves,  and  in  some  cases  whole 
plants,  are  killed  by  this  pathogen  (110). 

Foliar  reactions  by  the  host  to  M.  grisea  arc  variable  and  have  been  separated  into 
six  lesion  types  by  IRR1:  type  0=no  lesions;  type  1 “small,  necrotic  flecks  that  lack  a 
sporulating  center;  type  3=sma!l,  round  to  somewhat  elongated  sporulating  spots  that 
exhibit  a brown  margin  or  yellow  halo;  type  5 ‘"narrow  to  slightly  elliptical  lesions  that 
are  1-2  mm  wide  and  > 3 mm  in  length  with  a brown  margin;  type  7=btoad,  spindle- 
shaped  lesions  that  exhibit  a yellow,  brown,  or  putple  margin;  and  type  9=small  whitish, 
grayish,  or  bluish  lesions  that  rapidly  coalesce  and  lack  a distinct  margin  (74).  Types  5, 
7,  and  9 arc  considered  susceptible  reactions.  Lesion  type  is  affected  by  leaf  age  and 
cultivar  (79,108,124).  Bonman  ct  al.  (18)  reported  that  susceptible-type  lesions, 
indicative  of  a completely  susceptible  reaction  by  the  host  to  the  pathogen,  comprised 
90%  of  the  total  lesions  counted  on  the  susceptible  cultivar  'C039',  while  the  percentage 
decreased  to  less  than  30%  on  partially  resistant  cultivars  such  as  ‘IR58',  TR60',  and 
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‘IR62’.  Roumcn  cl  al.  (124)  found  that  the  number  of  susceptible-type  lesions  were 
nearly  absent  in  older  leaves  and  the  number  of  resistant-type  lesions  increased 
significantly  with  increasing  leafage. 

Infection  of  culms,  neck  nodes,  and  panicles  by  M.  grisea  results  in  neck  blast, 
sometimes  referred  to  as  rotten  neck  blast  (15,1 10).  Infected  neck  nodes  and  intcmodal 
regions  arc  typically  brown  to  black  and  often  break  at  the  weakened  area.  Sporulation 
appears  as  gray  to  gray-green  bands  on  infected  areas  and  is  most  visible  during  periods 
of  leaf  wetness,  especially  during  early  morning  (1 10,145).  If  the  infection  occurs  before 
grain  fill,  panicles  will  be  white  and  erect  due  to  girdling  of  the  culm  by  the  fungus, 
resulting  in  empty  or  partially  filled  grains  (15,110).  Infection  of  panicle  branches  and 
spikelct  pedicels  appears  as  a browning  or  necrosis  in  these  areas.  Grains  infected  by  the 
pathogen  are  typically  marked  by  the  presence  of  brown  spots  on  the  palea  and  lemma 
(110,145). 

Magnaportlie grisea  produces  significant  amounts  of  piricularin,  a-picolinic  acid 
(both  shown  to  cause  necrotic  spots  on  rice  leaf  tissue),  and  coumarin,  which  causes 
stunting  of  rice  seedlings  (141).  Icdome  cl  al.  (72)  demonstrated  that  unidentified  toxins 
of  A/,  grisea  induced  necrosis  in  cells  from  rice  callus  tissue  that  had  large  numbers  of 
chloroplasts  to  a higher  degree  than  in  cells  with  fewer  chloroplasts,  indicating  that 
photosynthetic  activity  was  associated  with  the  occurrence  of  necrosis. 

Epidemiology.  In  temperate  climates,  initial  inoculum  originates  from 


(110)  reported  that  mycclia  may  survive  in  straw  lor  over  a year,  and  2-4  years  in  neck 
nodes.  The  pathogen  also  overseasons  on  the  surface  of  seed  (15),  and  weeds  may  also 


bean  important  source  of  initial  inoculum  (80,93,110).  In  tropical  climates,  where  rice  is 
cultivated  continuously,  conidia  are  the  primary  source  of  inoculum  (110). 

Production  of  conidia  on  leaves  occurs  at  relative  humidities  (RH)  above  89%, 
with  93%  being  optimal  (66).  Sporulation  is  greatest  at  dusk  and  early  morning,  when 
humidity  levels  are  optimal  (140).  Sporulation  has  been  reported  over  a range  from  IS- 
OS0 C;  however,  optimal  temperature  for  sporulation  is  28°  C (66, 1 1 0).  Conidial  release 
requires  free  moisture  and  maximum  dissemination  of  conidia  is  greatest  above  90% 
relative  humidity.  Rainfall  and  wind  facilitate  spore  release  (109,143).  Long-range 
dispersal  of  conidia  is  possible  via  wind,  water,  transport  of  infected  straw,  and 
movement  of  conidia-bcaring  seed  (1 5,143). 

Upon  contact  with  plant  surfaces,  mucilage  is  released  from  the  periplasmic  space 
at  the  tip  of  the  conidium,  which  serves  as  an  adhesive  to  anchor  the  conidium  to  the 
substrate  ( 1 5,7 1 , 1 46),  Free  moisture  on  plant  surfaces  is  required  for  germination  of 
conidia,  differentiation  of  appressoria,  and  the  establishment  of  infections  by  Af.  grisea. 
As  periods  of  leaf  moisture  arc  reduced,  depending  on  temperature,  infections  arc  reduced 
(15,145).  At  15°  C,  leaf  wetness  periods  of  16-20  hours  are  needed  for  infection,  while  at 
24°  C,  6 hours  of  wetness  are  sufficient.  Germ  tubes  emerge  from  germinating  conidia, 
followed  by  formation  of  appressoria.  Optimal  temperatures  for  appressoria] 
development  are  between  16°  C and  25°  C.  Temperature  is  known  to  interact  with  dew 
period  to  affect  the  ability  of  M.  grisea  to  infect  rice  (66,1 10,143).  At  25°  C,  dew  periods 
of  6-8  hours  are  sufficient  for  infection. 

The  appressorium  adheres  to  the  host's  epidermis  and  produces  a penetration  peg 
that  enters  the  host  via  epidermal  penetration  or  stomata  (5,145).  The  wall  of  the 


apprcssorium  ads  as  a selectively  permeable  membrane  that  allows  an  influx  of  water 
molecules,  generating  turgor  pressures  as  high  as  8 MPA  (1161  psi).  These  forces  have 
been  demonstrated  to  be  sufficient  to  force  penetration  pegs  into  rice  leaves,  as  welt  as 
into  artificial  membranes  of  varying  thicknesses  (15,71).  Deposition  of  a melanin  layer, 
roughly  100  nm  thick,  immediately  outside  the  plasma  membrane  of  the  apprcssorium 
has  been  shown  to  facilitate  turgor  buildup.  Melanin  deficient  mutants  of  the  fungus  are 
incapable  of  establishing  infection  on  rice  leaves  (71,146).  Once  inside  epidermal  cells, 
fungal  hyphac  differentiate  from  a vesicle  produced  by  the  penetration  peg  and  ramify 
imraccuularly  and  intercellularly  within  the  host  (1 10,145). 

Incubation  period  (time  between  infection  and  visible  symptoms)  and  latent 
period  (time  between  infection  and  sporulation)  in  the  M.  grisea- rice  pathosystem  arc 
largely  temperature  dependent  (22).  Typically,  symptoms  appear  within  4-9  days  and 
sporulation  begins  almost  immediately  afterward  ( 1 1 0, 1 23).  Latent  period  varies  with 
temperature,  and  can  range  from  4-5  days  at  26-28®  C and  to  7-9  days  at  1 7-18®  C 
(1 10,145).  Latent  period  was  also  shown  to  vary  among  cultivars  by  Castano  (25),  while 
Roumen(l23)  found  no  significant  differences  in  latent  period  among  six  partially 
resistant  cultivars  grown  under  tropical  conditions. 

Factors  favoring  disease.  Incidence  and  severity  of  rice  blast  are  influenced  by 
environmental  factors  such  as  water  level,  soil  fertility  level  (nitrogen  and  silicon),  air 
temperature,  and  humidity  (15,79,107,1 10,145).  Rice  grown  under  aerobic  conditions, 
such  as  upland  rice  or  rainfed  lowland  rice  with  infrequent  rainfall,  is  more  susceptible  to 
infection  by  M.  grisea  than  rice  grown  under  upland  conditions  (15,1 10,145).  Hashioka 
(66)  noted  that  severity  of  rice  blast  was  inversely  proportional  to  soil  moisture  and 


determined  that  low  soi!  moisture  was  correlated  with  poor  silicon  uptake,  based  on 
analysis  of  plant  tissue,  and  low  leaf  turgor  pressure  (resulting  in  less  resistance  to 
penetration  by  M.  g risen).  Susceptibility  to  blast  also  is  influenced  by  the  leaf  age,  with 
older  leaves  tending  to  be  more  resistant  to  infection  than  younger  leaves  (79,124). 

Excessive  nitrogen  (N)  fertilizer  has  bcon  implicated  as  a predisposing  factor  of 
rice  to  blast  (66,107,1 10).  Because  rice  blast  is  most  severe  on  young,  less  hardened 
tissue  (79),  excessive  N was  believed  to  augment  severity  of  blast  by  increasing  the 
amount  of  new  growth  (1 10,143).  Suzuki  (139)  utilized  a torsion  balance  to  measure 
resistance  of  the  epidermis  of  rice  leaves  to  puncturing  at  several  levels  of  N fertilization 
and  found  that  resistance  to  penetration  was  lowest  at  the  high  level  of  N,  indicating  a 
reduction  in  the  hardness  of  epidermal  cells.  Researchers  have  suggested  that  high  levels 
of  N alter  the  amounts  and  types  of  nitrogen-based  compounds  present,  and  that  this 
enhances  host  susceptibility  to  infection  by  the  fungus  (106).  Ohata  and  Kozaka  (103) 
found  high  levels  of  soluble  N in  leaves  that  had  been  over-fertilized  with  N and 
proposed  that  M.  grisea  could  use  soluble  N as  a nutrient  source.  Recently,  Osuna- 
Canizalez(107)  determined  that  levels  of  rice  blast  were  consistently  higher  in  plants  that 
received  nitrate  (NO,')  as  compared  to  plants  treated  with  ammonia  (NH/).  Interestingly, 
nitrate  is  the  form  of  N present  in  upland  rice  soils,  while  ammonia  is  the  dominant  form 
in  flooded  soils  (134).  For  these  reasons,  Osuna-Canizalez  ( 1 07)  suggested  that  the  form 
of  N was  a more  important  factor  in  the  susceptibility  of  rice  to  blast  than  the  presence  or 

Development  of  rice  blast  is  also  favored  by  relatively  still  air  at  night,  long 
periods  of  light  rainfall  or  dew,  and  nocturnal  temperatures  in  the  range  of  17-23°  C 
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(15.1 10) .  Low  daytime  tighl  levels,  due  to  overcast  skies,  also  increase  infection 
efficiency  of  A/.  grisea,  resulting  in  greater  severity  of  disease  (66). 

Resistant  cultivars.  The  planting  of  resistant  cultivars  is  the  preferred  means  to 
manage  rice  blast;  however,  numerous  pathogenic  races  and  high  rates  of  variability 
within  pathogen  populations  have  rendered  many  resistant  cultivars  ineffective  within  2-3 
years  alter  release  for  commercial  use  (15,34,94,162).  Differences  among  cultivars  were 
widely  recognized  by  Japanese  scientists  in  the  late  1390s,  but  systematic  breeding 
programs  were  not  initiated  until  1927  (75).  In  the  United  Slates,  breeding  for  resistance 
to  blast  did  not  begin  until  the  1940s,  but  the  first  introduction  of  cultivars  with  resistance 
to  blast  was  made  in  1909.  By  1921,  Metcalf  observed  that  these  same  varieties  were  no 
longer  resistant  (7).  In  Colombia,  blast-resistant  cultivars  that  were  released  in  the  1960s 
and  1970s  became  susceptible  to  M.  grisea  within  a few  years  after  introduction  for 
commercial  use  (35).  One  cultivar,  Cica  6,  failed  after  a single  growing  season  in  both 
Colombia  and  other  Latin  American  countries  (3S). 

Rice-breeding  strategics  focused  on  vertical  resistance  until  the  mid-1970's 

(35.94.1 10) .  As  defined  by  Vandcrplank  (147),  vertical  resistance,  also  called  race- 
specific  or  major  gene  resistance,  is  ntonogenically  inherited,  insensitive  to  the 
environment,  and  its  expression  is  qualitative  ("all  or  nothing")  (95,1 19).  Using 
differential  cultivars  and  linkage  analysis,  researchers  have  identified  13  dominant  alleles 
(called  Pi  genes)  for  resistance  to  rice  blast  at  eight  loci  (82,162).  A genc-for-gene 
relationship  exists  between  Af.  grisea  and  O.  saliva,  conferring  resistance  to  the  host 
against  pathogen  races  with  avimlcncc  (air)  genes  that  correspond  to  Pi  genes  in  the 
host  (53,162).  Typically,  rice  plants  with  vertical  resistance  to  a particular  race  of  the 


palhogen  exhibit  a hypersensitive  response  when  challenged  (95,1 19).  The  short-lived 
nature  of  vertical  resistance  is  explained  by  the  variability  in  populations  of  the  pathogen 
(95,1 19).  Vertical  resistance  affects  epidemics  of  rice  blast  by  reducing  initial  disease 
(yj  (119,147). 

Difficulties  in  breeding  for  race-specific  resistance  have  led  researchers  to 
examine  horizontal,  or  rate-reducing  resistance,  to  the  rice  blast  disease  (94).  In  Japan 
and  the  United  States,  rice  breeders  observed  that  rice  cultivars  possessing  identical  major 
genes  showed  different  reactions  to  A/.  grisea  in  the  field  and  termed  this  phenomenon 
“field  resistance”  (94,1 12,162).  This  type  of  resistance  was  considered  to  be 
polygenically  controlled,  suggesting  that  field  resistance  was  similar  in  nature  to 
horizontal,  or  partial,  resistance  (94).  Horizontal  resistance,  sensu  Vanderplank  (147), 
exerts  quantitative  effects  on  disease  and  confers  incomplete  resistance  to  all  races  of  a 
particular  pathogen.  Because  horizontal  resistance  is  under  polygenic  control,  it  is  likely 
to  be  more  difficult  for  new  pathogenic  races  to  overcome  this  type  of  resistance. 
However,  the  very  nature  of  polygenic  inheritance  makes  breeding  for  horizontal 
resistance  to  rice  blast  a much  more  challenging  task  (95,1 19).  Also,  selection  for 
horizontal  resistance  is  complicated  by  race-specific  resistance,  which  masks  the  effects 
of  the  horizontal  resistance  (123,124).  Evidence  for  the  role  of  multiple  genes  in 
horizontal  resistance  of  blast  to  disease  has  accumulated  in  recent  years.  Small  groups  of 
genes,  called  quantitative  trait  loci,  have  been  mapped  in  the  genome  of  partially  resistant 
(horizontally  resistant)  cultivars  that  confer  horizontal  resistance  to  rice  blast  (97). 

The  effect  of  horizontal  resistance  on  epidemics  of  rice  blast  is  the  reduction  in 
epidemic  rate  (r),  giving  rise  to  the  synonym  "rate-reducing  resistance"  (1 14,147). 
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Parlevliet  (114)  identified  several  components  of  resistance  that  serve  to  reduce  r,  such  as 
low  infection  efficiency,  lengthened  latent  period,  reduced  lesion  size,  shortened 
infectious  period,  and  reduced  sporulation  per  lesion.  In  the  rice  blast  system,  the  most 
important  component  of  horizontal  resistance  was  shown  to  be  infection  efficiency, 
defined  as  the  ratio  of  conidia  to  sporulating  lesions  (3,1 12,123). 

Rate-reducing  resistance,  while  more  durable  than  race-specific  resistance,  is 
somewhat  less  effective  than  race-specific  resistance  and  is  sensitive  to  the  environment. 
According  to  Zeigler  (162),  this  type  of  resistance  is  better  suited  for  use  in  temperate 
regions  or  regions  where  ideal  disease  conditions  are  not  constantly  present.  A more 
durable  type  of  resistance  to  rice  blast  has  been  reported  in  Colombia  in  certain  cultivars 
that  were  selected  and  advanced  in  the  presence  of  a highly  diverse  population  of  M. 
grisea  (34,35,36).  A commercially  planted  cullivar,  Oryzica  Llanos  5,  was  developed  at 
a rice-breeding  station  in  eastern  Colombia  when  segregating  populations  were  grown 
under  upland  conditions.  Breeding  lines  were  surrounded  by  "spreader  rows"  composed 
of  mixtures  of  commercial  cultivars  and  sources  of  resistance  to  ensure  a diverse 
pathogen  population  and  high  levels  of  inoculum  (34,35,36),  During  the  selection 
process,  genotypes  that  were  symptomlcss  or  exhibited  extreme  hypersensitivity  were 
rejected,  to  insure  that  quantitative  trait  loci  that  conferred  partial  resistance  were 
advanced  along  with  major  genes  for  resistance  (34,35,36,162).  One  product  of  this 
breeding  program,  the  commercial  cullivar  Oryzica  Llanos  5,  has  been  in  use  since  1989 
and  is  still  highly  resistant  to  rice  blast  (36). 

Fungicides.  Fungicides  are  effective  for  the  control  of  both  leaf  and  neck  blast  of 
rice.  They  are  most  commonly  used  as  seed  treatments,  foliar  sprays,  or  granules  for 
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paddy  applications  in  high-input,  rice-culture  systems  in  Japan,  South  Korea,  Indonesia, 
and  China  (1S.S4.1 10,145),  Fungicides  are  used  less  frequently  in  Vietnam,  Cambodia, 
Laos,  Latin  America,  the  United  States,  and  India  due  to  low  annual  severity  of  disease, 
low  crop  value,  or  high  cost  to  benefit  ratios  for  chemical  protectants  (54), 

Copper  fungicides,  such  as  the  Bordeaux  mixture,  were  among  the  earliest 
employed  to  control  rice  blast,  but  they  were  ineffective  during  serious  epidemics  of  blast 
(105,1 10).  Copper  compounds  proved  to  be  phytotoxic  to  the  rice  plant  and  caused  yield 
losses,  especially  in  warmer  climates  (105).  Organomercuric  fungicides  were 
successfully  used  as  dusts  and  sprays  to  control  rice  blast  in  Asia  from  the  late  1940s 
until  the  mid-1960s,  but  were  withdrawn  from  the  market  because  of  environmental  and 
health  concents  (105).  Organophosphorus  compounds  emerged  in  the  mid-1960s  for  the 
control  of  blast  and  remain  in  use  today  (54).  Iprobcnfos  and  edifenphos  are  currently 
registered  in  Asia  and  Latin  America  for  the  control  of  rice  blast,  and  are  used  in 
protective  and  curative  roles  (20).  Both  exhibit  a high  level  of  residual  activity,  but  the 
systemic  activity  of  iprobcnfos  is  greater  than  that  of  edifenphos.  Froyd  et  al.  (55) 
reported  that  a spray  application  of  edifenphos  (at  0.35  kg/ha)  made  at  booting  reduced 
neck  blast  by  37%  as  compared  to  an  untreated  control,  while  applications  made  at 
booting  and  early  heading  reduced  neck  blast  by  87%.  Iprobenfos  and  edifenphos 
suppress  mycelial  growth  by  disrupting  the  methylation  of  phosphatidylcthanolaminc,  a 
key  step  in  the  biosynthesis  of  phospholipids  in  M,  grisea  (20).  Resistance  in  strains  of 
M.  grisea  to  organophosphorus  fungicides  has  been  reported  in  laboratory  tests  and  in 
commercial  ftclds  (54). 
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Antibiotic  compounds,  such  as  blasticidin  S,  derived  from  Streptomyces 
griseocliromogenes,  and  kasugamycin,  derived  from  Streptomyces  kasugaensis,  have 
been  used  in  Asia  and  Latin  America  for  the  control  of  rice  blast  because  of  their  curative 
properties  (54,157),  Although  Yamaguchi  (157)  reports  that  blasticidin  and  kasugamycin 
arc  highly  efficacious  against  M grisea,  antibiotics  generally  have  proved  to  be 
moderately  effective  at  best  for  blast  control  (54),  Antibiotics  inhibit  mycelial  growth  by 
blocking  the  incorporation  of  amino  acids  during  protein  synthesis.  Resistance  to  both 
blasticidin  S and  kasugamycin  has  been  reported  in  commercial  fields  (54). 

A more  modem  class  of  fungicides,  the  melanin  biosynthesis  inhibitors  (MBI), 
have  emerged  a6  potent  controls  for  rice  blast.  All  MBI  fungicides  are  strongly  systemic 
(transported  in  the  apoplast),  and  have  a high  degree  of  residual  activity  (54). 
Additionally,  MBI  fungicides  are  selective  against  M.  grisea,  and  do  not  affect  other 
pathogens  common  on  rice.  These  compounds  are  not  fungitoxic  and  act  to  inhibit 
penetration  of  M grisea  into  the  rice  plant  by  blocking  the  biosynthesis  of  melanin,  an 
important  component  of  the  appressorial  wall  ( 1 35).  Three  MBI  fungicides  (tricyclazole, 
pyroquilon,  and  llhalide)  are  currently  registered  for  use  in  Asia  and  Latin  America. 

Froyd  et  al.  (55)  reported  that  a single  spray  application  of  tricyclazole,  made  at  booting, 
reduced  neck  blast  by  63%,  and  applications  made  al  booting  and  early  heading  reduced 
neck  blast  by  92%  when  compared  to  untreated  controls.  MBI  fungicides,  particularly 
tricyclazole  and  pyroquilon,  have  been  shown  to  be  effective  against  leaf  and  neck  blast 
when  applied  as  seed  dressings  (52,55).  Filippi  and  Prabhu  (52)  reported  that  pyroquilon, 
applied  as  a seed  treatment,  delayed  the  appearance  of  leaf  blast  until  62  days  after 
planting,  as  compared  to  40  days  for  the  untreated  control,  and  was  quite  effective  in 


season-long  bias!  management  when  utilized  in  conjunction  with  partially  resistant 
cultivars.  Despite  the  specific  mode  of  action  of  MBI  fungicides,  resistance  to  these 
compounds  by  A/.  grisea  has  not  been  reported. 

Bcnomyl,  a benzimidazole  compound,  is  the  only  fungicide  registered  for  the 
control  of  rice  blast  in  the  United  States  and  is  not  used  elsewhere  due  to  the  availability 
of  superior  chemicals  abroad  (37,54).  This  fungicide  is  transported  apoplastically  in 
plants  (57).  Benomyl  inhibits  mycelial  growth  and  spoliation  by  binding  tubulin, 
disrupting  the  movement  of  chromosomes  during  mitosis  and  mciosis  (44).  Resistance  to 
benomyl  by  fungal  pathogens  has  been  reported  in  numerous  pathosystems  (44,57). 
Because  the  mode  of  action  of  benomyl  is  highly  specific,  single  mutations  within 
populations  of  fungal  pathogens  can  result  in  the  occurrence  of  bcnomyl-resistant  strains. 

Fungicides  affect  epidemics  of  plant  disease  by  reducing  the  amount  of  initial 
inoculum  (yo),  the  rate  (r)  at  which  the  epidemic  progresses,  or  both  ( 1 2,57). 

Applications  of  fungicides  that  suppress  or  eradicate  existing  inoculum,  or  preempt  the 
arrival  of  inoculum  tend  to  delay  the  onset  of  disease,  while  applications  made  during  the 
course  of  an  epidemic  reduce  production  of  spores  and  thus  the  rate  of  progress  of  the 
epidemic  (12).  Fungicides  also  maybe  utilized  to  compliment  horizontal  resistance  of 
crop  plants.  Fry  (56),  for  example,  reported  that  the  amount  of  chlorothalonil  necessary 
to  suppress  Phyloprhora  infestans  in  potato  was  significantly  less  for  cultivars  with 
horizontal  resistance  to  late  blight  than  for  cultivars  with  no  resistance  to  the  disease. 

Cultural  practices.  Rice  blast  can  be  managed  by  several  cultural  practices. 

Early  seeding  and  transplanting  in  Asia  and  Brazil  have  been  shown  to  reduce  the 
severity  of  rice  blast  by  allowing  plants  to  develop  at  a lime  when  conditions  are  not 
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optimal  for  blast  development  (15,145).  Because  drought  stress  is  known  to  increase  the 
severity  of  rice  blast,  good  water  control  and  irrigation  practices  help  lessen  the  impact  of 
the  disease  (15).  Reduced  rates  of  seeding  lower  the  overall  population  of  plants  in  an 
area  and  slow  the  development  of  rice  blast  (145).  Removal  and  destruction  of  crop 
residues  is  an  effective  means  to  reduce  the  amount  of  initial  inoculum  present  to  infect 
subsequent  crops  (64,83). 

Maintenance  of  adequate  levels  of  essential  plant  nutrients  such  as  nitrogen, 
potassium,  phosphorus,  and  silicon  has  been  shown  to  aid  in  the  control  of  rice  blast 
(15,45,1 10,127).  Excessive  amounts  of  nitrogen  fertilizer  have  been  shown  to  exacerbate 
the  severity  of  rice  blast,  although  the  amount  that  defines  ‘excessive’  varies  by  location, 
soil  type,  and  rice  cultivar  (15,45).  The  severity  of  rice  blast  can  be  reduced  by  reducing 
the  rate  of  nitrogen  applied,  or  by  altering  the  timing  of  nitrogen  applications  (15,83). 
Kurschncr  et  al.  (84)  demonstrated  that  high  levels  of  nitrogen  could  be  applied  to  rice 
without  increasing  the  severity  of  rice  blast  with  multiple  applications  of  fertilizer  at 
lower  rales.  They  also  noted  that  a delayed  application  of  nitrogen  was  also  effective  in 
reducing  the  severity  of  rice  blast.  Over-fertilization  of  rice  with  phosphorus  and 
potassium  has  been  implicated  in  increasing  the  severity  of  blast  on  certain  soil  types 
(15,83). 

Silicon.  Silicon  (Si)  makes  up  28%  of  the  earth's  crust  and  is  the  second  most 
abundant  clement  in  soils  and  forms  numerous  mineral  complexes  (47,127,134).  Silicon 
is  taken  up  by  nearly  all  plants,  which  can  contain,  depending  upon  the  species,  between 
< 1%  to  greater  than  10%  of  total  biomass  (47,50).  As  a group,  dicots  have  the  lowest  Si 
content  (roughly  0.1%);  dryland  grasses  (wheat,  oat,  rye,  sugarcane)  contain  about  1%  Si; 


and  aquatic  grasses,  such  as  rice,  have  the  highest  (>5%)  Si  content  (50,78).  Plants  can 
be  considered  "silicon  accumulators"  if  their  dry  weight  concentration  of  Si  is  greater 


than  1%  (SO).  In  plant  species  such  as  Oryzo  and  Equiselum,  the  uptake  of  Si  equals  or 
exceeds  that  of  essential  nutrients,  such  as  nilrogon  and  potassium  (78,127).  According 
to  Epstein  (50),  the  inclusion  of  Si  among  essential  plant  nutrients  for  all  plants  is  not 
supported  by  evidence  in  the  literature;  however,  species  such  as  Equiselum  and  some 


Rice  plants  are  capable  of  survival  in  low-Si  environments,  but  exhibit  wilted 
foliage,  poor  tillering,  and  lowered  yields  (47,127).  In  soils  where  Si  is  limiting,  the 
addition  of  Si  fertilizers  has  been  shown  to  dramatically  improve  growth  and  yields  of 
crops  such  as  rice  and  sugarcane  (47,59,85,127).  The  agronomic  benefits  of  adequate  Si 
to  rice  were  first  recognized  in  Japan  (47,127).  The  application  of  Si-based  fertilizers  to 
improve  plant  nutrition  has  become  commonplace  in  Japan  and  also  in  the  Florida 
Everglades  Agricultural  Area  (39).  In  rice.  Si  is  believed  to  benefit  plants  by  increasing 
available  phosphorus  in  soil,  enhancing  uptake  of  phosphorus,  improving  water  use 
efficiency  (mainly  reduced  transpiration),  reducing  toxicides  associated  with  Mn,  Fe,  and 
Al,  increasing  mechanical  strength,  improving  growth  habit  (which  increases 
photosynthelic  area),  and  reducing  shattering  of  grains  (47,69,92,127). 

In  addition  to  agronomic  benefits  gained  by  maintaining  adequate  levels  of  Si  in 
the  rice  plant,  numerous  researchers  have  reported  that  the  application  of  Si  to  soils  or 
media  deficient  in  soluble,  plant-available  Si  reduces  the  incidence  and  severity  of  several 
important  diseases  of  rice  (43,46,47,83.127,136,137,149).  Suzuki  (137)  reported  that  the 
resistance  of  rice  plants  to  infection  by  M.  grisea  was  enhanced  by  applications  of  Si  to 


: without  adequate  Si. 


paddy  soils.  Volk  cl  al.  ( 149)  determined  that  the  number  of  lesions  caused  by  M.  grisea 
on  leaves  of 'Caloro'  rice  decreased  linearly  as  the  Si  content  in  leaf  blades  increased. 
Rabindra  et  al.  (1 16)  found  that  the  content  of  Si  in  leaf  and  neck  tissue  varied  among 
four  different  cultivars  of  rice  grown  under  identical  conditions,  and  that  those  cultivars 
with  inherently  higher  content  of  Si  had  less  incidence  of  leaf  and  neck  blast.  Other 
reports  indicate  that  cultivars  of  rice  with  inherently  higher  levels  of  Si  in  tissue  arc  not 
always  more  resistant  to  blast  than  those  with  lower  inherent  levels  of  Si  when  grown 
under  the  same  conditions  (83,1 10,152).  However,  for  a given  cultivar  grown  under 
varied  levels  of  Si  fertility,  susceptibility  to  blast  is  nearly  always  correlated  with  the 
content  of  Si  in  the  plant  (83,1 10).  Resistance  to  blast  is  not  solely  mediated  by  the 
concentration  of  Si  in  the  rice  plant,  but  is  also  a function  of  genetic  or  environmental 
factors  (83,1 10). 

Aleshin  et  al.  (4)  demonstrated  the  ability  of  inorganic  and  organic  silicon 
compounds  to  reduce  rice  blast.  In  their  study,  the  application  of  various  sources  of  Si 
decreased  the  incidence  of  rice  blast  by  nearly  50%  when  compared  to  untreated  plants. 
Datnoff  et  al.  (43)  applied  calcium  silicate  slag  (20%  Si  a.i.)  to  silicon-deficient  Histosols 
in  southern  Florida  at  rates  of  0, 5, 10,  and  15  T/ha  and  reported  significant  reductions  of 
neck  blast.  They  found  significant  linear  and  quadratic  relationships  between  slag 
applications  and  both  disease  reduction  and  increased  yield,  as  well  as  residual  silicon 
activity  I year  after  application.  Other  studies  conducted  with  calcium  silicate  slag 
revealed  that  finely  ground  material  was  more  effective  than  more  coarsely  ground  grades 
in  reducing  the  incidence  and  severity  of  neck  blast  (42).  The  use  of  fine  grade  slag  was 
also  correlated  with  higher  silicon  content  in  the  plant  and  increased  yields.  Datnoff  and 
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Snyder  (4 ! ) demonstrated  that  reductions  in  the  severity  of  neck  blast  brought  about  by 
the  application  of 400  kg  of  Si  ha'1  did  not  differ  significantly  from  those  achieved  by 
applying  a labeled  rate  of  benomyl. 

In  upland  rice,  Yamauchi  and  Winslow  (158)  reported  that  the  addition  of  sodium 
silicate  to  Si-dcplctcd  soil  from  Nigeria  decreased  the  severity  of  neck  blast  on  three 
cultivate  of  rice  by  40%.  Winslow  (152)  reported  that  the  addition  of  sodium  metasilicate 
to  Si-deficient  soils  in  Nigeria  reduced  the  severity  of  neck  blast  by  over  50%  as 
compared  to  non-treated  controls  on  eight  different  genotypes  of  rice  The  application  of 
Si  at  500  kg/ha  to  Si-dcficicnl  soils  in  eastern  Colombia  reduced  leaf  and  neck  blast  by 
40%  and  72%,  respectively,  as  compared  to  rice  not  treated  with  Si  (33).  Sccbold  et  al. 
(129,130)  amended  soils  known  to  be  deficient  in  Si  in  eastern  Colombia  at 
concentrations  of 400  or  1000  kg  of  Si  ha'1  and  found  that  the  severity  of  leaf  and  neck 
blast  was  reduced  between  10  and  60%,  depending  upon  the  location  and  rate  of  Si. 

Other  diseases  of  rice  reported  to  be  controlled  by  silicon  applications  include 
brown  spot,  caused  by  Cochliobohis  miyaheanas  ( ammorpl\=Nclnmithosponum  oryzae 
Breda  dc  Haan);  scald,  caused  by  Monograpbella  albescens  (anamorph -Gerlachia 
oryzae  [Hashioka  & Yokogi]  W.  Gams);  sheath  blight,  caused  by  Thanaiephorus 
cucumeris  (anamorph  =Rli'uOctonia  solani  Kuhn);  stem  rot,  caused  by  Magnaportlie 
salvinii  Catt.  (anamorph -Scle/olium  oryzae  Catt.);  sesame  spot,  caused  by  Cercospora 
sesami  A.  Zimmerm.;  and  grain  discoloration,  caused  by  a complex  of  insects  and  fungi 
(33,42,43,47,58,96, 1 20, 1 27,129, 1 39). 

Control  of  disease  in  other  crops  by  Si  has  been  reported.  Potassium  or  sodium 
silicates  have  been  applied  to  recirculating  nutrient  solutions  and  foliage  to  control 


powdery  mildew  of  cucumber  and  muskmclon  (caused  by  Sphaerotheca  fulginea 
[Schlechtend.:Fr-l  Pollacci),  and  to  reduce  the  severity  of  crown  and  root  rots  of 
cucumber  caused  by  Pytliium  ultimum  Trow  (29,101).  Powdery  mildews  of  zucchini 
squash,  caused  by  Erysiphe  cicoracearum  DC,  and  of  barley,  caused  by  Blumeria 
gram  inis  DC  (Speer),  are  also  known  to  be  suppressed  by  the  application  of  Si  to  foliage 
or  soil  (100).  Bowen  ctal.  (19)  reported  that  foliar  applications  of  Si  significantly 
reduced  the  number  of  colonies  of  Uncinula  neealor  (Schwein.)  Burriil,  causal  agent  of 
grape  powdery  mildew,  on  inoculated  grape  leaves.  Potassium  and  sodium  silicates  are 
regularly  applied  to  roses  in  European  hothouses  to  suppress  powdery  mildews  (II).  The 
presence  of  silicon  in  rice  plants  has  been  associated  with  reductions  in  damage  by  insect 
feeding  as  well  (47).  It  is  reported  that  Si  acts  mechanically  to  block  penetration  by 
stylets  of  sucking  insects,  and  deposits  of  Si  in  rice  tissue  have  been  shown  to  wear  down 
mouthparts  of  chewing  insects  (47, SO).  Silicic  acid  in  plant  sap  has  been  identified  as  a 
feeding  deterrent  to  planthoppcrs  when  present  in  concentrations  of  at  least  0.01  mg/ml 
(127). 

Mechanisms  of  Si-induced  resistance  to  rice  blast.  Suzuki  (137)  determined 
that  susceptibility  of  rice  plants  to  infection  by  M.  grisea  was  correlated  with  the 
thickness  of  the  silicon  layer  beneath  the  cuticle,  and  the  number  and  thickness  of 
epidermal  cells  and  stomata.  He  found  that  there  were  significantly  more  silicatcd 
bulliform,  long,  and  short  cells  in  the  epidermis  of  blast-resistant  rice  cultivars,  leading 
him  to  conclude  that  deposition  of  Si  acted  as  a physical  barrier  to  penetration  by  M . 
grisea  ( 1 37).  The  physical  barrier  hypothesis  is  strengthened  by  the  findings  of  Yoshida 
etal.  (160),  who  reported  that  a layer  of  silica  gel  approximately  2.3pm  thick  is  present 
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beneath  (tie  cuticle  of  rice  leaves,  sheaths,  and  stems.  The  authors  termed  this  the 
"cuticle-Si  double  layer”  and  suggested  that  it  might  serve  to  inhibit  the  establishment  of 
infection  by  M.  grisea  by  a physical  blocking  of  the  entrance  of  penetration  pegs  or  by 
prevention  enzymatic  degradation  of  the  epidermis  (160).  Volk  ct  at.  (149)  hypothesized 
that  Si  might  form  complexes  with  organic  compounds  in  the  walls  of  epidermal  cells 
that  resist  degradation  by  enzymes  released  by  penetration  pegs  of  M.  grisea.  The 
presence  of  Si  was  detected  in  lignin-carbohydrate  complexes  from  epidermal  cells  of 
rice  that  had  been  grown  in  a Si-rich  solution  by  Inanaga  et  al.  (73).  Howard  et  al.  (70) 
demonstrated  that  the  establishment  of  infections  by  the  rice  blast  fungus  was  mediated 
by  both  turgor  pressure  and  enzymes.  It  was  observed  that  appressoria  of  M.  grisea 
generated  turgor  pressure  sufficient  to  force  penetration  pegs  through  mylar  film  of  a 
thickness  and  hardness  approximately  equal  to  host  surfaces,  and  that  more  time  was 
required  for  the  penetration  of  the  mylar  film  than  for  rice  leaves.  The  authors  suggested 
that  enzymatic  degradation  of  the  epidermis,  combined  with  extreme  turgor  force,  were 
responsible  for  tho  more  rapid  ingress  into  leaves  as  compared  to  mylar  film,  and  that  the 
presence  of  Si  in  epidermal  cells  might  add  to  the  hardness  of  rice  leaves  and  increase 
resistance  to  penetration  by  M.  grisea. 

Experimentation  with  several  host-parasite  systems  has  provided  evidence  that  Si 
is  involved  in  the  expression  of  pathogenesis-induced  host  defense  responses.  The  failure 
of  appressoria  of  B.  graminis  to  penetrate  the  epidermis  of  barley  has  been  correlated  with 
the  accumulation  of  deposits  of  insoluble  Si  directly  beneath  the  appressoria  in  question 
(24).  Menzies  ct  al.  (102)  reported  that,  following  inoculation  with  S.fuiginea,  phenolic 
defense  compounds  appeared  more  quickly  and  in  greater  quantity  in  epidermal  cells  of 


Si-treated  cucumber  plants  than  in  plants  not  treated  with  Si.  The  accumulation  of 
electron-dense,  phenolic  compounds  in  roots  and  hypocotyls  of  Si-treated  cucumber 
plants  following  inoculation  with  Pyihium  uliimurn  was  detected  by  Cherif  et  al.  (31) 
using  energy  dispersive  X-ray  analysis.  Visible  differences  were  found  in  the 
accumulation  of  these  compounds  between  Si-treated  and  untreated  plants,  and  these 
compounds  were  not  present  in  Si-treated  plants  prior  to  inoculation.  In  a separate  study, 
Cherif  et  al.  (28)  found  that  cucumber  plants  amended  with  Si  exhibited  increased  and 
more  intense  activation  of  chitinascs,  peroxidases,  and  polyphenoloxidases  after 
inoculation  with  P.  ullinmm  than  plants  not  receiving  Si.  Phenolic  compounds  extracted 
from  Si-treated  plants  were  strongly  fungistatic  against  Pyihium  spp.  in  vitro.  Silicon 
may  play  a similar  role  in  the  resistance  of  rice  plants  to  blast;  however,  no  experimental 
evidence  has  been  produced  to  date. 

Uptake  and  forms  of  Si  in  the  rice  plant.  Silicon  is  present  in  soil  as 
monosilicic  and  polysilicic  acids,  or  Si  adsorbed  on  or  precipitated  with  oxides  of  Al,  Fe, 
and  Mn,  as  well  as  in  silicate  minerals  (98,127,142);  however,  the  form  taken  up  by 
plants  is  exclusively  monosilicic  acid  (HjSiOJ,  Movement  of  monosilicic  acid  to  plant 
roots  is  driven  by  diffusion  and  by  the  influence  of  transpiration-induced  root  absorption 
(mass  flow)  (47).  Members  of  the  Poaccac  have  been  shown  to  take  up  Si  at  rates  equal 
to  the  rale  of  plant  transpiration  (78).  The  concentration  of  monosilicic  acid  in  xylem  sap 
of  grasses  has  been  demonstrated  to  be  equal  to  that  of  the  soil  solution;  however,  some 
dicots,  such  as  crimson  clover,  appear  to  exclude  monosilicic  acid  selectively  at  the  root 


level (78). 
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In  the  ease  of  rice,  the  amounts  of  silicon  found  in  plant  parts  cannot  be  accounted 
for  by  diffusion  and  transpiration  alone  (47).  Researchers  have  reported  that  the 
concentration  of  Si  in  the  xylem  is  usually  many  times  higher  than  that  of  the  soil 
solution,  and  that  the  uptake  of  Si  at  the  root  is  metabolicaliy  driven  (47,78),  Rice  roots 
have  been  shown  to  concentrate  monosilicic  acid  against  a concentration  gradient  via 
processes  associated  with  respiration  and  glycolysis  (47).  By  using  metabolic  inhibitors, 
it  was  shown  that  Si  uptake  and  transpiration  proceeded  at  different  rates  and  that  excised 
roots  absorbed  more  Si  than  excised  shoots.  Additionally,  monosilicic  acid  was  absorbed 
equally  well  in  light  and  dark  conditions  (78). 

Over  90%  of  the  total  Si  in  the  rice  plant  is  in  the  form  of  hydrated  silica  (SiOj  * 
nHjO)  referred  to  as  biogenetic  opal  (47,160).  The  remaining  portion  of  Si  is  in  the  form 
of  monosilicic  acid,  colloidal  silicic  acid,  or  organosilcon  compounds  (47,73,127). 
Deposition  of  Si  in  epidermal  cells  and  cell  walls  occurs  when  the  concentration  of 
monosilicic  acid  exceeds  2 mol  m'J  for  a particular  tissue  (107).  Silicon  tends  to  be 
distributed  basipetally  and  is  less  concentrated  in  younger  tissue  than  in  older  tissue 
(47,91).  High  levels  of  Si  in  older  leaf  tissues  are  believed  to  be  partly  responsible  for 
increased  resistance  to  rice  blast  (79,107,124).  The  majority  of  Si  accumulated  by  rice 
plants  is  deposited  in  leaves  (71%  of  total),  followed  by  hulls  (13%),  roots  (10%),  and 
stems  (6%)  (47).  Once  deposited,  silica  gel  is  immobile  and  is  not  redistributed  to 
actively  growing  tissues  (47,91 ). 

Factors  influencing  the  availability  of  Si  in  soil.  The  availability  of  Si  is 
affected  by  soil  environment.  McKcague  and  Cline  (98)  repotted  that  the  amount  of 
soluble  Si  decreased  with  increasing  pH  in  a wide  variety  of  soil  types  and  textures.  The 
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average  concentrations  of  soluble  Si  in  soils  were  shown  to  be  36  ppm  and  6 ppm  at  pH  6 
and  9 respectively.  This  evidence  directly  contradicted  the  behavior  of  Si  in  water 
solutions,  where  it  has  been  shown  that  solubilities  remain  stable  (120*140  ppm)  at  pH 
2.9,  but  sharply  increase  above  pH  9 (78,98).  Apparently,  at  neutral  pH,  Si  precipitates 
from  solution  at  concentrations  above  140  ppm,  while  solubility  is  increased  above  pH  9 
due  to  the  formation  of  silicate  ions  (78). 

McKeague  and  Cline  (98)  reported  that  the  concentration  of  Si  in  soil  solution  is 
controlled  by  a pH-dependcnt  reaction  whereby  sesquioxides  (in  particular  A1  oxide) 
adsorb  monosilicic  acid.  Soil  moisture  has  a strong  effect  on  the  solubility  and 
availability  ofSi  to  plants.  At  conditions  of  low  soil  moisture,  the  increased  water 
potential  makes  uptake  difficult  by  the  plant,  plus  there  is  less  water  available  as  a solvent 
in  the  soil  solution.  Plant  uptake  of  Si  increases  with  increasing  water  due  to  both  an 
increase  in  solution  uptake  and  an  increase  in  Si  in  solution  (78).  Additionally, 
researchers  have  indicated  that  Si  content  increases  in  flooded  soils,  possibly  due  to  an 
increase  of  organic  acids  under  the  reducing  conditions  characteristic  of  submerged  soils. 
These  acids  then  dissolve  silica.  Some  evidence  exists  for  the  increased  release  of  Si 
from  Fc-Si  complexes  (78). 

Interactions  with  elements  such  as  P and  Al  also  have  an  effect  on  the  availability 
ofSi  in  soil.  Rcifenbcrg  and  Buckwold  (117)  demonstrated  that  soil  phosphorus,  in  the 
form  of  orthophosphates,  had  an  effect  on  the  release  of  Si  into  soil  solutions.  Increasing 
amounts  of  phosphate  added  to  seven  soil  types  and  kaolinitc  resulted  in  increasing 
amountsofSi  found  in  extracts.  The  authors  hypothesized  that  Si  and  P compete  in  soil 
for  binding  sites,  and  as  P is  adsorbed  by  clay  minerals,  Si  is  released.  This  reaction  was 


also  found  to  be  reversible  by  the  addition  of  neutral  silicate,  and  this  is  believed  to  be  the 
underlying  mechanism  for  the  enhanced  availability  of  P seen  in  Si-fertilized  soils  (1 17). 
Interactions  between  Al  and  Si  also  have  been  noted.  Aluminum  oxide,  a sesquioxide,  is 
known  to  adsorb  monosilicic  acid  in  soils  at  levels  that  increase  with  increasing  soil  pH 
(78).  Also,  the  concentration  of  Al  (and  Fc)  sesquioxides  is  positively  eoiTClatcd  with  Si 
adsorption. 

Silicon  deficient  soils.  Despite  the  abundance  of  soluble  Si  in  most  mineral  soils, 
deficiencies  in  plant-available  Si  can  occur  due  to  depletion  from  continuous  planting  of 
rice  (47).  The  uptake  of  Si  by  an  average  rice  crop  has  been  estimated  to  be  roughly  230- 
470  kg/ha,  and  intensive  cropping  results  in  the  removal  of  Si  from  the  soil  solution  at  a 
rate  faster  than  it  can  be  replenished  naturally  (47).  Deficiencies  in  plant-available  Si  are 
also  common  on  soil  types  such  as  Oxisols  and  Ullisols,  the  soils  commonly  planted  to 
upland  rice  in  Asia,  Africa,  and  Latin  America.  Heavy  rainfall  on  these  soil  types  results 
in  high  degrees  of  weathering,  leaching,  acidification,  and  desilification  (127,134). 
Histosols  with  an  organic  matter  content  of  greater  than  80%,  and  thus  low  mineral 
content,  arc  also  deficient  in  plant-available  Si  (136).  Entisols  which  have  a high  content 
of  quartz  sand  (Si02),  are  also  low  in  soluble,  plant-available  Si  (39). 

Sources  of  Si  fertilizers.  Calcium  silicate  (CaSiO,)  slags,  which  arc  byproducts 
of  iron  production  or  phosphorus  fertilizer  manufacture,  are  commonly  applied  to  rice  in 
Japan  and  Florida,  and  to  sugarcane  in  Florida  and  Hawaii  (47,81,136).  Wollastonite,  a 
naturally  occurring  form  of  calcium  silicate,  also  is  used  to  increase  the  concentration  of 
Si  in  soils.  Crop  residues  and  rice  hulls  have  been  reported  as  sources  of  Si;  however,  the 
percentage  of  Si  per  unit  of  volume  is  considerably  lower  than  for  slag  and  wollastonite 


and  large  quantities  of  crop  residues  and  rice  hulls  must  be  used  to  deliver  a comparable 
amount  of  Si  to  the  soil  (47). 


CHAPTER  III 

EFFECTS  OF  SILICON  AND  FUNGICIDE  TIMING  ON  DISEASE  CONTROL, 
YIELD,  AND  YIELD  COMPONENTS  IN  UPLAND  RICE 

Introduction 

Upland  rice  (Oryza  saliva  L.)  is  cultivated  globally  on  approximately  20  million 
hectares  of  soils  characterized  by  intense  weathering  and  leaching  (43,84, 1 34)  These 
soils,  Ultisols  and  Oxisols,  tend  to  be  low  in  base  saturation,  high  in  accumulated  iron 
and  aluminum  oxides,  highly  acidic,  and  low  in  plant-available  silicon  (134,158).  Other 
soil  types  reported  to  be  silicon-deficient  include  Histosols,  the  type  found  in  the  rice 
growing  areas  of  southern  Florida,  and  sandy  Enlisols  (42,43,136). 

Silicon,  a major  constituent  of  the  earth's  crust  and  the  second  most  abundant 
element  in  agricultural  soils,  is  not  listed  among  those  typically  considered  to  be 
necessary  for  plant  growth.  Despite  this,  silicon  can  account  for  up  to  10%  of  the  total 
biomass  for  certain  plant  species  (47,50).  Rice  plants  that  have  access  to  soluble  silicon 
often  exhibit  improved  growth,  resistance  to  diseases  such  as  rice  blast  and  leaf  scald, 
resistance  to  insect  feeding,  improved  mineral  nutrition,  and  reduced  mineral  toxicity 
(47,50, 127,136). 

The  production  of  upland  rice  is  limited  annually  by  diseases  such  as  rice  blast, 
caused  by  Magnaportlie  grisea  (Hebert)  Bare  and  leaf  scald,  caused  by  Monographetla 
albescens  Theunt.  (1 5,34).  Grain  discoloration,  a perennial  problem  resulting  from  a 
complex  of  fungi  and  insects,  reduces  overall  yield  quality  (47,153).  In  recent  research. 
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the  application  of  calcium  silicate,  as  a source  of  plant-available  silicon,  to  silicon- 
deficient  soils  reduced  the  incidence  and  severity  of  rice  blast,  decreased  grain 
discoloration,  and  increased  yields  of  upland  rice  (4,42,43, 1 36, 1 53).  Datnoff  et  al.  (4 1 ) 
applied  silicon  to  silicon-deficient  soils  in  southern  Florida  and  found  that  neck  blast 
could  be  reduced  to  the  same  levels  achieved  by  applying  benomyl.  The  purpose  of  this 
study  was  to  determine  if  applications  of  calcium  silicate  plus  commonly  used  fungicides 
applied  at  specific  growth  stages  of  the  rice  plant  could  control  blast  and  leaf  scald,  and  to 
determine  if  applications  of  these  fungicides  could  be  reduced  or  eliminated.  Yield  and 
grain  quality  of  the  various  treatments  were  also  assessed. 

Materials  and  Methods 

The  experiment  was  conducted  in  eastern  Colombia  at  CIAT's  Santa  Rosa 
Experiment  Station  and  the  Matazul  farm  in  Altillinura,  two  areas  with  soils  known  to  be 
silicon-deficient.  The  experimental  design  at  both  locations  was  a randomized  complete 
block  with  five  replications  and  a plot  size  of  6.24  * S meters.  Silicon  (Si),  applied  as 
wollastonite  (CaSiOj)  at  2 T ha'1  (400  kg  of  elemental  Si  ha'1 ),  was  incorporated  into 
plots  5 days  before  planting  with  a rotoliller.  The  blast  susceptible  variety  Oryzica  1 was 
planted  at  Santa  Rosa,  and  Oryzica  Sabana  6,  also  blast  susceptible,  was  utilized  at 
Matazul.  The  seeding  rate  al  both  sites  was  SO  kg  ha'1. 

The  treatments  included  a control  (no  Si  and  no  fungicides);  Si  applied  alone;  and 
Si  plus  cither  edifenphos  (Hinosan  500  EC,  Bayer  AG)  or  tricyclazolc  (Bim  75  WP, 
DowElanco)  applied  at  set  schedules  that  included  one  or  more  of  the  following  growth 
stages  of  the  rice  plant:  tillering  (T),  panicle  initiation  (PI),  booting  (B),  1%  panicle 
emergence  (1%),  and  50%  panicle  emergence  (50%)  (Table  3.1).  In  terms  of  days  after 
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seeding  (DAS),  applications  were  made  at  the  following  timings:  tillering  applications  at 
35  DAS,  panicle  initiation  applications  at  74  DAS,  booling  applications  at  85  DAS,  1% 
heading  applications  at  92  DAS,  and  50%  heading  sprays  at  99  DAS  at  the  Santa  Rosa 
site.  At  Malazul,  applications  were  made  at  35, 68, 76, 79,  and  83  DAS,  respectively,  for 
the  same  growth  stages.  Edifenphos  was  applied  at  1 Lha'1  for  the  control  of  leaf  blast 
for  those  schedules  that  required  applications  of  fungicide  at  tillering  and  panicle 
initiation.  Tricyclazole  was  applied  at  300  g ha’1  for  the  control  of  neck  blast  for  those 
schedules  that  required  applications  of  fungicide  at  booting,  1%  heading,  and  50% 
heading.  A manually  pressurized  backpack  sprayer,  in  which  constant  pressure  was 
maintained  via  actuation  of  a lever-operated  pump,  was  used  to  deliver  both  fungicides  in 
274  L ha’1  of  water. 

Leaf  blast  was  estimated  during  the  tillering  stage  by  evaluating  five  leaves  for  the 
percentage  of  foliar  area  diseased  at  five  locations  within  each  plot.  Disease  evaluations 
were  made  at  42, 46, 54,  and  61  DAS  at  Santa  Rosa,  and  47, 54,  and  61  DAS  at  Matazul. 
Neck  blast  was  assessed  at  25  and  35  days  afler  (lowering  as  percent  disease  incidence  of 
25  panicles  per  plot.  Severity  of  leaf  scald  was  determined  in  the  same  manner  as  leaf 
blast  immediately  after  appearance  of  symptoms;  evaluations  were  made  at  68, 80,  and 
90  DAS  at  Santa  Rosa  and  at  68, 82,  and  90  DAS  at  Malazul.  Severity  of  leaf  blast  and 
scald  were  used  to  construct  areas  under  disease  progress  curves  (AUDPC)  for  all 
treatments.  Analysis  of  variance  ( ANOVA)  was  performed  on  AUDPC  values  and  neck 
blast  data,  and  Fisher's  protected  least  significant  difference  test  (LSD)  was  used  to 


separate  means. 


In  each  plot,  a 4 * 6-m  area  was  harvested  by  hand  and  used  to  determine  the 
yield  of  rough  (unmilled)  rice  per  hectare.  Yields  were  adjusted  to  reflect  1 2%  moisture 
content.  The  number  of  filled  grains  (those  in  which  the  caroypsis  was  entirely  occupied 
by  the  endosperm)  per  10  panicles  was  determined.  Grain  discoloration  was  rated  using 
the  1RRI  pictorial  scale,  where  0=grains  with  no  discoloration  and  6=completcly 
discolored  grains  (74). 

Leaf  and  neck  blast  Applications  of  silicon  (Si)  successfully  reduced  leaf  and 
neck  blast  severity  at  the  Santa  Rosa  and  Matazul  sites  with  and  without  inputs  of 
fungicide.  At  the  two  locations,  severity  of  leaf  blast  for  those  plots  amended  with  Si, 
either  alone  or  with  a single  fungicide  application,  was  generally  tower  than  those  for  the 
untreated  control  (Fig.  3.1).  Area  under  the  disease  progress  curve  (AUDPC)  of  leaf  blast 
was  lower  for  Si  alone  (PsO.OS),  and  to  a greater  extent  for  Si  plus  a single  fungicide 
application,  at  both  Santa  Rosa  and  at  Matazul  (Fig.  3.2).  At  Santa  Rosa,  reductions  of 
33  and  61%  in  AUDPC  values  below  those  of  the  control  were  observed  for  Si  plus  one 
fungicide  application  and  Si  alone,  respectively  (Fig,  3.2a).  Similarly,  reductions  of  39 
and  72%  below  control  values  were  noted  at  Matazul  (Fig,  3.2b).  At  Santa  Rosa,  no 
signifleant  difference  in  neck  blast  was  found  between  Si  alone  and  untreated  plots  at 
either  evaluation  date  (Fig.  3.3).  At  Matazul,  Si  alone  reduced  neck  blast  by  45%  when 
compared  to  the  control  at  the  first  evaluation  date  and  by  40%  at  the  second  (Fig.  3.4). 

At  both  locations,  nearly  all  Si  plus  fungicide  treatments  significantly  reduced  neck  blast 
when  compared  with  Si  alone  or  the  control  for  the  two  evaluations  (Figs.  3.3  and  3.4). 
Exceptions  to  this  were  observed  at  Santa  Rosa,  where  plots  treated  with  Si  plus 
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Figure  3.1.  Disease  progress  curves  orieafblasl  for  rice  ireaicd  with  silicon  (SO  and 
edifenphos  applied  al  tillering  (T)  at  A)  Santa  Rosa  and  B)  Matazul,  Colombia  in  1994. 


Figure  3.3.  Incidence  of  neck  blast  assessed  on  A)  1 September  and  B)  9 September  at 
Santa  Rosa,  Colombia  on  rice  treated  with  silicon  (Si)  plus  edifenphos  and  tricyclazole 
applied  at  tillering  (T).  panicle  initiation  (PI),  booting  (B),  1%  heading  (1%),  and  50% 
heading  (50%),  or  various  combinations  thereof.  Edifenphos  was  applied  at  tillering  and 
booting  only,  and  tricyclazole  was  used  for  sprays  made  at  booting,  I % heading,  and  50% 
heading.  White  bars  represent  LSD  values  (Ps0.05)  for  comparisons  between  means. 


Neck  blast  incidence  (%)  • 8/31 

Figure  3.4.  lncidenceof  neck  blast  assessed  onA)  24  August  and  B)3i  Augusta! 
Matazul,  Colombia  on  rice  treated  with  silicon  (Si)  plus  edifenphos  and  tricyclazolc 
applied  al  tillering  (T),  panicle  initiation  (PI),  booting  (B),  1%  heading  (1%),  and  50% 
heading  (50%),  or  various  combinations  thereof.  Edifenphos  was  applied  at  tillering  and 
panicle  initiation  only,  and  tricyclazole  was  used  for  sprays  made  at  booting,  1%  heading, 
and  50%  heading.  White  bars  represent  LSD  values  (PsO.05)  for  comparisons  between 


fungicides  applied  at  booting  or  tillering  and  1%  heading  did  not  differ  significantly  in 
neck  blast  ratings  from  plots  treated  with  Si  alone  or  the  control  (Fig.  3.3).  At  the  first 
evaluation  at  Santa  Rosa,  the  treatments  consisting  of  Si  and  two  to  five  fungicide 
applications  had  less  neck  blast  (52-96%)  than  the  other  treatments,  although  single 
fungicidal  treatments  significantly  reduced  neck  blast  by  31-33%  when  compared  to  Si 
alone  or  the  control  (Fig  3.3a).  Similar  patterns  were  observed  at  the  second  evaluation, 
where  two  to  five  fungicide  applications  provided  disease  reductions  of  16-96%.  Single 
applications  of  fungicide  reduced  neck  blast  by  9-33%  when  compared  to  untreated  plots 
(Fig.  3.3b).  At  the  Matazul  site,  no  significant  differences  in  the  incidence  of  neck  blast 
were  observed  among  any  of  the  Si  plus  fungicide  treatments  at  the  first  evaluation,  with 
the  exception  of  Si  plus  fungicides  applied  at  I % heading.  Neok  blast  was  significantly 
greater  in  that  treatment  than  for  Si  plus  fungicides  applied  at  both  l%and  50%  heading 
(Fig.  3.4a).  Single  fungicide  applications  reduced  neck  blast  by  79-8854  over  the  control, 
as  compared  to  disease  reductions  between  84  and  100%  for  Si  plus  multiple  applications 
(Fig.  3.4a).  Ratings  of  neck  blast  from  the  second  evaluation  were  similar  to  those  of  the 
first  evaluation.  Two  to  five  fungicide  applications  provided  77-98%  reductions  in 
disease  incidence  and  single  applications  reduced  incidence  by  75-90%  (Fig.  3.4b). 

l-eaf  scald.  Evaluations  of  leaf  scald  were  discontinued  before  the  134  and  50% 
heading  stages.  Therefore,  fungicide  applications  made  after  the  last  date  of  evaluation  of 
scald  arc  not  included  in  die  analysis  of  data  for  leaf  scald.  Silicon  plus  fungicides 
generally  reduced  the  severity  of  leaf  scald  at  both  test  sites  (Fig.  3.5).  At  Santa  Rosa, 
AUDPC  values  for  leaf  scald  were  not  reduced  below  those  lor  the  control  by  Si  alone 
(5%);  however,  Si  plus  fungicides  applied  at  booting  only  or  tillering  only  reduced  the 
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Figure  3.5.  Severity  of  leaf  scald,  determined  by  area  under  the  disease  progress  curve 
(AUDPC),  at  A)  Santa  Rosa  and  B)  Matazul,  Colombia  in  1994  from  rice  treated  with 
silicon  (Si)  plus  edifenphos  and  tricyclazolc  applied  at  tillering  (T),  panicle  initiation  (PI), 
and  booting  (B).  or  various  combinations  thereof.  Edifenphos  was  applied  at  tillering  and 
panicle  initiation  only,  and  tricyclazolc  was  used  for  sprays  made  at  booting.  White  bars 
represent  LSD  values  (Ps0.05)  for  comparisons  between  means. 


severity  of  leaf  scald  by  13-15%  over  the  control  and  did  not  differ  significantly  from  Si 
plus  three  fungicide  applications  (Fig.  3.5).  Plots  treated  with  Si  plus  three  fungicide 
sprays  had  AUDPC  values  that  were  19%  lower  than  the  control.  At  Malazul,  Si  alone 
significantly  reduced  scald  by  22%  over  the  control.  Treatment  with  Si  plus  single 
applications  of  fungicide  reduced  scald  by  31-41%  as  compared  to  the  control,  and  two  or 
more  applications  provided  reductions  of 52-53%  (Fig.  3.5b). 

Yield  and  yield  components.  Yields  of  rough  rice  per  ha  were  not  significantly 
increased  by  Si  alone  when  compared  to  the  untreated  control  at  Santa  Rosa  (Fig.  3.6a). 
Yields  per  hectare  for  plots  treated  with  Si  plus  one  fungicide  spray  were  significantly 
greater  (50-68%)  than  for  those  of  the  control  plots.  Silicon  plus  a single  application  of 
tricyclazolc  at  booting,  1%  heading,  or  50%  heading  provided  yield  increases  that  were 
not  significantly  different  from  treatments  with  Si  plus  two  applications  of  fungicide 
made  at  tillering  and  1%  heading  (Fig.  3,6a).  Treatment  with  Si  plus  tricyclazolc  applied 
at  booting  and  1%  heading,  panicle  initiation  and  1%  heading,  or  1%  heading  and  50% 
heading  significantly  increased  yields  when  compared  to  treatment  with  Si  plus  single 
applications  of  fungicide.  Yields  were  significantly  higher  (50%)  in  those  plots  that 
received  Si  plus  as  two  applications  of  fungicide  as  compared  to  the  control,  and  were 
increased  between  100  and  115%  with  three  or  more  applications  of  fungicide  (Fig.  3.6a). 

At  Matazul,  yields  were  significantly  higher  in  both  Si  alone  and  all  Si  plus 
fungicide-treated  plots  (50-92%)  when  compared  to  the  untreated  control  (Fig,  3.6a).  No 
differences  were  observed  between  yield  values  of  Si  alone  or  any  Si  plus  fungicide 
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Silicon  alone  reduced  grain  discoloration  at  Santa  Rosa  by  26%  over  the  control. 
Ratings  of  grain  discoloration  for  Si  only  were  not  significantly  different  from  any  of  the 
silicon  plus  fungicide  treatments  except  Si  plus  tricyclazolc  applied  at  1%  heading 
(PsO.05)  (Fig.  3.7a).  Silicon  plus  single  treatments  of  fungicide  reduced  grain 
discoloration  by  17-43%  (depending  on  the  timing),  and  performed  as  well  as  two  or 
more  applications  (Fig.  3.7a).  At  Matazul  silicon  also  significantly  reduced  grain 
discoloration,  both  with  and  without  fungicides,  by  34-78%  as  compared  to  the  control 
(Fig.  3.7b).  Silicon  plus  fungicides  applied  four  or  five  times  provided  significantly 
lower  grain  discoloration  ratings  than  Si  alone  or  any  other  Si  plus  fungicide  treatment. 
However,  ratings  of  grain  discoloration  for  Si  alone  were  not  significantly  different  from 
those  for  Si  plus  fungicides  applied  one  or  two  times,  except  for  the  treatment  of  Si 
fungicides  applied  at  tillering  and  1%  heading  (Fig,  3.7b). 

At  Santa  Rosa,  grain  fill  was  positively  influenced  by  Si  applied  with  fungicides. 
Silicon  alone  increased  the  number  of  filled  grains  at  Santa  Rosa  by  29%  over  the  control, 
although  the  two  were  not  significantly  different  (PsO.OS)  (Fig,  3.8a).  Grain  fill  was 
significantly  higher  (40-52%)  for  treatments  with  Si  plus  single  applications  of  fungicide 
application  when  compared  to  the  control.  Treatment  with  Si  plus  three  or  five 
applications  of  fungicide  increased  the  number  of  filled  grains  by  98%  (Fig.  3.8a).  The 
effects  of  silicon  and  silicon  plus  fungicides  on  the  weight  of  filled  grains  at  Santa  Rosa 
(Fig.  3.9a)  followed  the  same  trends  as  seen  for  grain  fill  (Figure  3.8a);  however,  a 
significant  increase  in  the  weight  of  filled  grains  (an  average  of  42%)  over  the  control 
was  observed.  Generally,  no  significant  differences  in  the  weight  of  filled  grains  between 
plots  treated  with  Si  plus  one  or  two  fungicide  sprays  were  recorded.  Silicon  plus  three 
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or  five  fungicide  applications  significantly  increased  the  weight  of  filled  grains  as 
compared  to  Si  plus  single  fungicide  sprays  and  all  but  the  treatment  schedules  that 
included  Si  plus  two  applications  of  fungicide  made  at  panicle  initiation  and  1%  heading 
or  at  1%  heading  and  50%  heading  (Figure  3.9a). 

At  Matazul,  the  number  of  filled  grains  increased  by  27%  from  plots  treated  with 
Si  alone  when  compared  to  the  control,  and  was  not  significantly  different  from  any  of 
the  Si  plus  fungicide  treatments,  regardless  of  timing,  except  Si  plus  four  fungicide 
applications  (Fig  3.8b).  The  numbers  of  filled  grains  counted  in  Si  plus  single  fungicide 
applications  were  not  significantly  different  than  counts  obtained  from  Si  plus  two,  three, 
or  five  fungicide  applications.  Increases  of  3 1-35%  over  the  control  occurred  with  Si 
plus  single  applications  of  fungicides,  while  two  or  three  applications  resulted  in 
increases  of 27-35%.  Silicon  plus  four  or  five  fungicide  applications  increased  filled 
grains  by  54  and  44%,  respectively  (Fig.  3,8b).  Weight  of  filled  grains  (Fig.  3.9b) 
followed  nearly  identical  patterns  as  for  the  number  of  filled  grains  (Fig.  3.9a).  Silicon 
alone  increased  the  weight  of  filled  grains  by  29%  over  the  control,  which  was  not 
significantly  different  from  any  Si  plus  fungicide  treatment,  regardless  of  timing,  except 
the  treatment  with  Si  plus  four  fungicide  application  (Fig.  3.9b).  Silicon  plus  single 
applications  of  fungicide  increased  filled  grain  weight  at  levels  similar  to  Si  plus  two  to 
five  fungicide  sprays  (29-47%). 

Discussion 

The  application  of  calcium  silicate  (wollastonile)  in  conjunction  with  various 
timed  applications  of  fungicide  Si-deficient  soils  in  eastern  Colombia  effectively  reduced 
the  incidence  and  severity  of  blast  and  leaf  scald.  Silicon  in  combination  with  fungicides 


also  reduced  grain  discoloration,  and  increased  yield  and  grain  quality.  The  choice  of 
experimental  sites  provided  an  opportunity  to  observe  the  effects  of  Si  fertilization,  in 
conjunction  with  fungicide  applications,  on  disease  and  yield  factors  under  conditions  of 
high  levels  of  inoculum  (Santa  Rosa)  and  low  levels  of  inoculum  (Matazul). 

The  severity  of  leaf  blast  was  reduced  at  both  experimental  sites  by  applications 
of  Si,  with  and  without  inputs  of  edifenphos,  which  confirms  previous  reports 
(41,42,43,136).  Silicon  alone  provided  a significant  reduction  in  the  severity  of  leaf  blast 
at  Santa  Rosa  and  Matazul,  and  the  application  of  a single  applications  of  edifenphos 
further  reduced  blast  severity. 

Datnoff  ct  al.  (41)  reported  that  applications  of  Si  alone  could  provide  control  of 
neck  blast  at  levels  not  significantly  different  from  fungicides.  They  suggested  that 
fertilization  01  nee  with  Si  could  be  utilized  to  reduce  or  eliminate  applications  of 
fungicide  required  to  control  neck  blast.  At  the  rale  of  Si  applied  in  the  present  study,  it 
appears  that  it  is  possible  to  reduce  the  actual  number  of  sprays  made  in  a season  and 
provide  a high  degree  of  control  of  neck  blast.  Applications  of  Si  alone  did  not  reduce  the 
incidence  of  neck  blast  as  compared  to  the  control  at  Santa  Rosa.  Significant  reductions 
of  neck  blast  were  achieved  only  through  the  application  of  fungicides.  Treatments  with 
three  or  more  applications  of  fungicides  resulted  in  the  lowest  incidence  of  neck  blast, 
followed  by  two  and  then  one  application  of  fungicides.  Where  fewer  than  five  fungicide 
sprays  were  applied,  timing  of  fungicide  application  appeared  to  affect  disease  control. 
Applications  made  at  1%  and  50%  heading  were  the  most  effective  for  decreasing  the 
incidence  of  neck  blast  where  the  number  of  fungicide  applications  was  reduced.  At 
Matazul,  Si  alone  significantly  reduced  neck  blast  incidence  (by  40-45%)  as  compared  to 
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Ihe  control.  The  application  of  fungicides  in  conjunction  with  Si  significantly  reduced 
neck  blast  incidence  by  79-100%  when  compared  to  the  control  or  Si  alone,  and  no 
differences  were  observed  among  the  various  fungicide  treatments.  Generally,  Si  plus 
single  fungicide  sprays  applied  at  booting,  1%  heading,  or  50%  heading  provided  disease 
control  equal  to  two  or  more  applications  of  fungicide.  The  most  probable  explanation 
for  the  lack  of  control  of  neck  blast  observed  at  Santa  Rosa  and  the  reductions  in  neck 
blast  observed  at  Matazul  is  the  influence  of  the  amount  of  inoculum  present  and  the  rate 
of  wollastonite  applied.  The  experimental  form  at  Santa  Rosa  represents  an  area  of 
unusually  high  disease  severity,  maintained  due  to  the  presence  of  CIAT's  rice  blast 
nursery  and  breeding  program  (34).  The  farm  at  Matazul  was  only  recently  planted  to  rice 
and  was  in  an  area  in  which  the  severity  of  disease  is  considerably  lower.  Silicon  was 
applied  at  both  sites  at  400  kg  ha'1  (elemental  Si),  a rate  less  than  optimal  for  disease 
control  (42)  in  a location  such  as  Santa  Rosa  but  adequate  for  the  environment  at 
Matazul.  Increasing  the  amount  of  Si  applied  to  soils  to  800-1000  kg  ha'1  at  Santa  Rosa 
would  most  likely  increase  disease  control  to  levels  seen  at  Matazul. 

Leaf  scald  was  also  reduced  by  applications  of  Si  in  combination  with  fungicides 
at  Santa  Rosa  and  by  both  Si  and  Si  plus  fungicides  at  Matazul.  At  Santa  Rosa,  the 
reduction  in  leaf  scald  by  Si  alone  was  not  significantly  different  from  the  control,  and  the 
addition  of  fungicides  only  slightly  reduced  the  disease  by  13-19%.  Silicon  plus 
applications  of  fungicide  made  at  tillering  only  or  booling  only  were  as  effective  as  Si 
plus  two  or  more  applications  of  fungicide  for  the  control  of  leaf  scald.  At  Matazul,  Si 
alone  did  provide  a significant  reduction  of  leaf  scald  and  disease  control  was  not 
significantly  different  from  Si  plus  fungicides  applied  once  at  tillering,  panicle  initiation, 


or  booling.  Silicon  plus  fungicides  applied  a(  tillering  only;  booling  only;  or  ai  tillering, 
panicle  initiation,  and  booling  reduced  the  severity  of  leaf  scald  to  the  lowest  levels. 

The  differences  in  the  performance  of  Si  between  the  two  sites  can  again  be  related  to  the 
higher  level  of  leaf  blast  observed  at  Santa  Rosa.  Evaluations  of  leaf  scald,  which  began 
after  termination  of  leaf  blast  evaluations,  were  made  difficult  due  to  the  presence  of  leaf 
blast,  and  a confounding  affect  from  the  coinfection  of  rice  by  both  pathogens  may  have 
obscured  differences  among  the  treatments. 

Yields  were  increased  significantly  only  at  Matazul,  and  grain  discoloration  was 
reduced  by  Si  alone  and  with  fungicides  at  both  sites,  confirming  previous  reports 
(42,43,47,136).  At  Santa  Rosa,  the  effects  of  Si  combined  with  fungicides,  were 
consistent  with  the  results  seen  for  neck  blast.  Silicon  alone  increased  yields  by 
approximately  20%,  although  this  was  not  significantly  different  from  the  control. 
Treatment  with  Si  plus  two  applications  of  fungicide,  made  at  panicle  initiation  and  1% 
heading  or  booting  and  1 % heading,  increased  yields  as  effectively  as  Si  plus  fungicides 
applied  three  or  four  limes.  Yields  for  Si  plus  fungicides  applied  at  panicle  initiation  and 
1%  heading  were  not  significantly  different  from  yields  for  Si  plus  fungicides  applied  at 
all  timings.  Silicon  plus  fungicides  applied  once  (at  1%  heading  or  50%  heading) 
increased  yields  to  the  same  level  as  Si  plus  fungicides  applied  twice  (at  tillering  and  1% 
heading  or  booting  and  1%  heading).  At  Matazul,  no  significant  differences  in  yield  were 
observed  among  Si  alone  or  Si  plus  fungicide  applications  (regardless  of  timing),  with  all 
treatments  increasing  yield  as  compared  to  the  control.  Again,  differences  in  the 
performance  of  Si  on  yields  at  Santa  Rosa  and  Matazul  can  be  explained  by  high  levels  of 
blast  and  the  low  rate  of  Si  applied.  The  rate  of  Si  used  in  this  study  appears  to  be  more 
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lhan  adequate  to  increase  yields  under  conditions  of  low  severity  of  blast,  but  requires  the 
input  of  fungicides  to  be  successful  when  the  level  of  blast  is  higher.  Despite  this,  the 
number  of  applications  of  fungicides  can  be  reduced  without  affecting  yields  at  both 
locations.  Indeed,  at  Matazul,  it  appears  to  be  plausible  to  eliminate  fungicide 
applications  entirely  and  still  obtain  acceptable  yields. 

Grain  quality  was  enhanced  by  applying  Si  alone  or  with  fungicides.  At  both 
Santa  Rosa  and  Matazul,  Si  alone  or  Si  plus  single  fungicide  applications  significantly 
reduced  grain  discoloration  when  compared  to  the  control,  concurring  with  previous 
reports  (47,153).  Silicon  in  combination  with  a single  application  of  fungicide  made  at 
1%  heading  at  Santa  Rosa  and  at  booting  at  Matazul  reduced  grain  discoloration  as  well 
as  Si  plus  two  to  five  applications  of  fungicide. 

Grain  fill  at  Matazul  and  the  weight  of  filled  grains  at  Santa  Rosa  and  Matazul 
were  positively  influenced  by  applications  of  Si  with  and  without  fungicides.  This  is 
supported  by  reports  that  Si  increases  fertility  in  individual  spikelets,  thereby  increasing 
grain  fill  (21).  The  general  trends  observed  for  Si  alone  and  Si  plus  fungicides  against 
neck  blast  and  increases  in  yield  were  present  with  regard  to  grain  fill  and  filled  grain 
weight.  At  Santa  Rosa,  with  high  levels  of  inoculum  and  a low  rate  of  Si,  Si  alone 
required  at  least  one  fungicide  application  (preferably  at  1%  or  50%  heading)  to 
significantly  increase  grain  fill  and  weight  over  the  control.  However,  at  Matazul,  Si 
alone  was  sufficient  to  increase  the  number  of  filled  grains.  Silicon  has  been  reported  to 
improve  panicle  health  by  enhancing  resistance  of  secondary  branches  to  infection,  as 
well  as  by  strengthening  the  hull  (85).  With  reduced  damage  by  M.  grisea  and  other  pests 
on  secondary  branches  and  spikelets,  disruptions  in  the  flow  of  photosynthate  to 


developing  grains  are  limiled  and  may  help  lo  explain  the  higher  number  of  filled  grains 
and  the  increased  weight  of  filled  grains  sometimes  observed  where  Si  has  been  applied. 

Silicon  can  be  used  successfully  in  conjunction  with  fungicides  to  manage  blast 
and  scald,  and  to  help  improve  yield  and  yield  quality.  Depending  upon  the  level  of 
severity  of  disease,  it  appears  that  the  number  of  fungicide  sprays  can  be  reduced  from 
five  to  one  or  two.  These  might  be  eliminated  altogether  in  areas  of  high  disease  severity 
by  increasing  the  rate  of  Si  used  to  fertilize  soils.  The  implications  of  this  finding  arc 
important  for  rice  growing  regions  such  as  Colombia,  where  four  to  five  applications  arc 
used  by  commercial  growers  to  control  blast  (F.  Correa,  personal  communication). 
Limiting  applications  of  fungicide  will  have  a significant  economical  and  environmental 
impact  in  not  only  Colombia,  but  other  rice  growing  areas  where  fungicides  are  currently 
being  used  to  control  diseases  such  as  blast  and  leaf  scald. 


CHAPTER  IV 

EFFECTS  OF  CALCIUM  SILICATE  FERTILIZER  AND  FUNGICIDES  AT  FULL 
AND  REDUCED  RATES  ON  THE  PROGRESS  AND  CONTROL  OF  BLAST  IN 
UPLAND  RICE 

Introduction 

Rice  blast,  caused  by  Magnaporthe  grisea  (Hebert)  Barr  (mamorpb=Pyricnlaria 
grisea  [Cooke]  Sacc.),  is  one  of  the  most  destructive  diseases  of  rice  ( Oryza  saliva  L.) 
and  is  a serious  constraint  to  production  in  most  of  the  world’s  rice-growing  regions  (15). 
The  disease  occurs  in  two  main  forms,  leaf  blast  and  neck  blast  (15,16).  While  the  latter 
form  of  rice  blast  is  the  most  damaging  in  terms  of  lost  yield,  leaf  blast  can  be  quite 
serious  and  can  result  in  heavy  crop  damage  or  loss  before  plants  reach  the  reproductive 
phase  of  growth  (16,1 10).  Blast  is  especially  problematic  in  temperate  areas,  and  in 
tropical  uplands,  such  as  those  found  in  West  Africa  and  the  savannas  of  South  America 
(15,33,152,153).  Although  upland  rice  accounts  for  only  about  13%  (19  miltion  hectares) 
of  the  total  area  planted  to  rice  worldwide,  it  comprises  the  majority  of  rice  cultivated  in 
parts  of  Asia,  Africa,  and  South  America  (99). 

Leaf  blast  can  be  managed  by  varying  the  time  of  planting,  avoiding  excessive 
inputs  of  nitrogen,  maintaining  high  levels  of  soil  moisture,  planting  blast-resistant 
cultivars,  and  using  fungicides  (15,84,107).  The  use  of  fungicides  provides  good  control 
of  the  disease,  but  the  high  cost  of  materials  and  application  make  them  an  unaffordable 
option  for  many  of  the  worlds'  rice  growers  (99).  Greater  success  has  been  achieved 
through  the  planting  of  resistant  varieties;  however,  their  effectiveness  has  proved  to  be 
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short-lived  in  the  field  because  of  the  appearance  of  new  pathogenic  races  of  M.  grisea 
(34).  Magnaponhe  grisea  exhibits  a great  degree  of  variability  and  adaptability  in 
nature,  and  its  ability  to  generate  new  pathogenic  races  not  affected  by  deployed 
resistance  genes  has  rendered  most  resistant  oultivars  ineffective  within  1-2  years  (2). 

A promising  alternative  control  for  rice  blast  is  the  application  of  silicon  (Si) 
fertilizers  to  soils  deficient  in  the  element.  The  rice  plant  has  been  shown  to  accumulate 
large  quantities  of  Si  from  soil  (47,50),  and  deficiencies  of  the  material  have  been 
correlated  with  increased  incidence  of  diseases  such  as  blast,  and  brown  spot,  caused  by 
Cocliliobolus  miyabeamis  (Ito  & Kuribayashi  in  Ito)  Drcchs.  Ex  Dastur  (47,50,1 16,149). 
Certain  soil  types,  such  as  Histosols  (greater  than  80%  organic  matter),  Oxisols,  and 
Ultisols,  have  been  identified  as  Si-deficient  due  to  high  organic  matter  content  or,  in  the 
case  of  the  latter  two  types,  high  degrees  of  weathering,  leaching,  and  acidity 
(127,136,153).  The  predominant  soil  types  in  the  upland  rice-growing  areas  of  Latin 
America  arc  Oxisols  and  Ultisols  (127,153). 

Several  researchers  have  shown  that  amendment  of  Si-deficient  soils  with  calcium 
silicate  fertilizer  can  reduce  incidence  and  severity  of  diseases  such  as  brown  spot  and 
rice  blast  (33,41,42,43,46,1 16,129,136).  In  one  study,  Datnoff  and  Snyder  (41)  found 
that  Si  alone  reduced  the  incidence  of  neck  blast  by  over  50%  when  compared  to  an 
untreated  control,  and  that  this  effect  was  not  significantly  different  from  the  reduction 
provided  by  the  application  ofbcnomyl.  In  the  same  study,  Si  in  combination  with 
benomyl  reduced  the  incidence  of  neck  blast  by  over  80%.  In  recent  research,  conducted 
on  Si-deficient  soils  in  eastern  Colombia,  Si  was  used  with  fungicides  to  reduce  the 
number  of  fungicide  applications  necessary  to  control  rice  blast  (129). 
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Despite  its  potential  as  a management  tool  Tor  rice  blast,  little  is  known  about  the 
actual  mechanism  behind  the  observed  reductions  in  disease,  effects  on  the  epidemiology 
of  rice  blast,  or  the  feasibility  of  combining  Si  and  fungicides  to  manage  blast 
(41,47,50,127),  Fry  (56)  determined  that  fungicides  could  be  applied  at  reduced  rates  to 
compliment  levels  of  resistance  to  Phylopihora  mfestans  in  cultivars  of  potato.  Because 
of  the  ability  of  Si  to  enhance  resistance  to  blast  in  the  rice  plant,  studies  were  initiated  to 
investigate  the  effects  of  Si  alone  and  with  full  and  reduced  rates  of  commonly  used 
fungicides  on  disease  progress  (leaf  blast),  incidence  of  neck  blast,  and  yields  in  an 
upland  rice  ecosystem  with  high  annual  levels  of  disease  severity.  Results  were  analyzed 
to  determine  if  Si  could  be  used  to  eliminate  or  reduce  the  rate  of  fungicide  needed  to 
control  rice  blast.  Additional  studies  were  conducted  to  determine  the  efficacy  of  a single 
Si  application  over  a 2-ycar  period. 

Materials  and  Methods 

Location.  Experiments  were  conducted  in  1995  and  1996  at  two  different  sites 
situated  approximately  30  km  east  of  Villaviccncio,  Colombia,  in  the  'llanos'  (plains) 
region.  Location  one  was  chosen  because  of  the  inherently  high  level  of  rice  blast  present 
(34)  and  was  at  the  Santa  Rosa  research  station  maintained  by  the  Centro  Intemacionnl  dc 
Agriculture  Tropical  (CIAT)  as  a rice  breeding  farm  and  rice  blast  nursery.  The  soil  type 
was  an  Inccptisol  with  a pH  of  4.7  and  approximately  4 ppm  plant-available  Si  (as 
determined  by  the  CIAT  soil  testing  laboratory).  The  second  site  was  located 
approximately  3 km  east  of  Santa  Rosa  at  the  Institute  Colombiano  de  Agropecuaria's 
(ICA)  La  Libertad  experiment  station.  The  soil  type  (Oxisol)  at  the  La  Libertad  site  was 
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representative  of  upland  conditions  in  the  savannas  of  Colombia.  Soil  pH  was  4.7  and 
less  than  1 ppm  plant-available  silicon  was  determined  to  be  present. 

Soil  preparation  and  planting.  Dolomitic  limestone  (CaCOjMg)  was 
incorporated  into  the  soil  approximately  20  days  prior  to  planting  at  both  locations.  At 
Santa  Rosa,  phosphorus,  potassium,  magnesium  sulfate,  and  borax  were  preplanl 
incorporated  at  rates  of 60, 30,60,  and  .6  kg  ha'1,  respectively.  Phosphorus  (100  kg  ha'*), 
potassium  (45  kg  ha'1),  and  zinc  sulfate 

(25  kg  ha'1)  wore  preplan!  incorporated  into  each  plot  at  La  Libertad.  Silicon,  in  the  form 
of  wollastonile  (CaSiOj)  (R.T.  Vanderbilt,  Norwalk  CT),  was  broadcast  by  hand  at  rates 
of  0 and  1000  kg  ha'1  and  incorporated  approximately  5 days  before  planting  by  disking. 
Plots  that  did  not  receive  Si  were  treated  with  agricultural  lime  (CaCOj)  to  raise  the  level 
of  Ca  to  that  of  plots  treated  with  calcium  silicate.  The  blast-susceptible  rice  cultivar 
‘Oryzica  r was  drill-seeded  at  Santa  Rosa  at  a depth  of  3 cm  and  a row  spacing  of  0.26 
m,  A blast-susceptible  cultivar  with  characteristics  better  suited  for  savanna  soils,  ‘Linea 
2',  was  planted  at  La  Libertad,  The  seeding  rate  was  SO  kg  ha'1  at  both  locations. 

Planting  dates  at  Santa  Rosa  were  17Mayin  1995  and  I3Mayin  1996, and  at  La 
Libertad  planting  was  done  on  16  May  in  1995  and  1996.  Methodologies  and  seeding 
rates  were  identical  in  both  years  of  the  study. 

Experimental  design  and  plot  layout.  At  Santa  Rosa  and  La  Libertad,  the  tests 
were  randomized  complete  block  designs  arranged  as  2 * 4 factorials  with  five 
replications.  Each  plot  was  5 * 8 m.  The  main  effects  were  calcium  silicate  (Si)  at  0 and 
1000  kg  ha'1  and  edifenphos  at  0, 100, 250,  and  1000  ml  ha'1,  or  tricyclazole  at  0, 30, 75, 


and  300  g ha'1,  providing  a total  of  eight  treatments  per  block  (Table  4. 1 ).  These  rates 
wercO,  10%,  25%,  and  100%  of  the  recommended  rate  of  each  fungicide.  Datnoff  et  al. 
(43)  identified  5T  ha'1  calcium  silicate,  which  provides  1000  kg  of  elemental  Si  ha'1,  as 
the  rate  providing  maximal  response  in  relation  to  the  amount  of  material  applied.  Each 
plot  was  subdivided  into  two  5 « 4-m  sections  to  allow  for  the  study  of  the  efficacy  of  a 
single  application  of  wollastonite  for  residual  activity  in  the  following  year.  In  1995,  Si 
was  applied  as  described  in  the  previous  section  to  one  half  of  each  plot  and  the 
remaining  half  was  left  untreated  until  1996.  In  1 996,  the  portion  of  each  plot  that  did  not 
receive  wollastonite  in  1995  was  amended  and  the  portion  that  received  wollastonite  in 
1995  was  lefi  unamended.  For  the  purposes  of  analysis,  the  residual  experiment  was 
treated  as  a split-plot  design  with  five  replications.  Whole  plots  were  fungicide  rate  (0, 
10%,  25%,  or  1 00%  of  the  recommended  rate  of  edifenphos  or  tricyclazole)  and  sub-plots 
corresponded  to  the  year  of  wollastonite  application  (1995  or  1996).  In  Colombia,  it  is 
common  for  rice  growets  to  apply  edifenphos  (Hinosan  500  EC,  Bayer  AG)  to  control 
leaf  blast  because  of  the  lower  cost  of  that  fungicide,  and  to  apply  tricyclazole  (Bim  75 
WP,  DowElanco),  known  to  be  more  effective  than  edifenphos,  to  control  of  neck  blast 
(Dr.  Fernando  Correa,  personal  communication).  To  approximate  standard  grower 
practices,  edifenphos  was  applied  approximately  20  and  35  days  after  seeding  (DAS)  for 
control  of  leaf  blast  (Table  4.2),  and  tricyclazole  was  applied  at  booling,  1%  panicle 
emergence,  and  50%  panicle  emergence.  Fungicides  were  applied  in  234  L of  water  ha'1 
using  a manually  pressurized  backpack  sprayer.  At  both  locations,  nitrogen  was  applied 
at  17, 30, 50,  and  70  DAS  al  rates  of  17, 10, 27,  and  46  kg  ha'1  respectively.  The  Santa 
Rosa  site  received  an  additional  30  kg  of  potassium  ha'1  at  30  DAS,  while  45  kg  of 
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Table  4.1 . Trealmenls  for  rice  with  silicon  plus  fungicide  combinalions  at  Santa  Rosa 

and  La  Liberlad  in  1995  and  1996. 

Si  rate  (kg  ha  ') Proportion  of  labeled  rate  of  fungicide' 


0.10 

0.10 

0.2S 

0.25 


‘Edifcnphos  applied  at  0.  100, 250,  and  1000  ml  ha  ';  Tricyclazolc  applied  at  0, 30,  75, 
and  300  g ha*'. 


Table  4.2.  Dates  of  application  of  edifcnphos  to  rice  at  Santa  Rosa  and  La  Libertad  in 

1995  and  1996. 

Santa  Rosa  I .a  l.ihcrtnri 

1995 1996 1995 1996 

7 June  6 June  6 June  6 June 

23  June  23  June  23  June  23  June 
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potassium  ha'1  and  25  kg  of  magnesium  sulfate  ha'1  were  applied  at  30  DAS  at  La 
Libertad. 

Propanil  (Bayer  AG,  FRG)  and  bentazon  (Basagran,  BASF  AG,  FRG)  were 
applied  at  their  recommended  rates  for  control  of  weeds,  and  the  insecticides  dcltamcthrin 
(Decis,  Roussel  UclaQ  and  chlotpyrifos  (Lorsban,  DowElanco)  were  applied  as  needed 
for  insect  control. 

Data  collection  and  analysis.  In  1995  and  1996,  prior  to  the  appearance  of 
disease,  eight  main  tillers  located  in  the  center  6 m:  of  each  plot  were  tagged  with  a 2-cm 
section  of  rubber  tubing  that  had  been  coated  with  fluorescent  paint.  At  both  locations, 
leaf  blast  was  evaluated  throughout  the  epidemic  by  estimating  the  proportion  of  leaf  area 
with  disease  on  each  leaf  of  the  marked  main  tillers.  Evaluation  dates  for  both  locations 
are  listed  in  Table  4.3. 

Data  were  used  to  construct  disease  progress  curves  for  each  treatment.  The 
cflicacy  of  each  treatment  was  determined  by  calculating  the  area  beneath  individual 
disease  progress  curves  (AUDPC)  using  the  following  formula: 

AUDPC=  E[(y1+y„1>/2][tw-tl] 

where  y = disease  proportion  at  the  i®  observation  and  t,  = time  (in  days),  and  n = total 
number  of  evaluations  (132).  The  values  obtained  were  then  analyzed  with  the  analysis 
of  variance  procedure  (ANOVA)  and  regression  (S  AS,  Cary  NC). 

Disease  progress  curves  were  linearized  using  the  Gompcrtz  transformation 
(Berger,  13)  to  obtain  a rate  parameter  k,  referred  to  hereafleras  r0,  corresponding  to  the 
apparent  infection  rate  r first  described  by  van  der  Plank  (147).  The  rate  (rG) 


68 

Table  4.3.  Evaluation  dales  for  leaf  blast  of  rice  at  Santa  Rosa  and  La  Libertad  (1995- 
1996).  The  actual  evaluation  date  and  the  day  relative  to  the  start  of  evaluations  (day  0) 


1995 

Date  Day 

8 June  7 

12  June  11 

15  June  14 

19  June  18 

27  June  26 

30  June  29 

5 July  34 

II  July  40 


Date 

13  June 
19  June 
25  June 
3 July 
8 July 
15  July 
22  July 


16  June 
20  June 
28  June 
4 July 


10 

13 

17 

25 

31 


24  June  14 

28  June  18 

5 July  25 

11  July  31 


parameter  was  calculated  by  transforming  values  of  disease  proportion  (y,)  at  each 
observation  date  with  the  following  equation  (13): 

gompit  (y)=(-ln(-ln(y))) 

Following  transformation,  gompit  (y)  values  were  plotted  against  time  (in  days)  and 
linear  regression  was  used  to  calculate  a slope,  equivalent  to  the  rG  parameter,  for  each 
line.  Values  of  rale  and  disease  proportion  on  the  final  day  of  evaluation  were  collected 
for  each  treatment  and  analyzed  by  ANOVA  and  regression  where  appropriate. 

Incidence  of  neck  blast  was  estimated  by  evaluating  80  randomly  selected 
panicles  per  plot  at  approximately  3 weeks  post-flowering,  Incidence  was  scored  on 
panicles  with  a rating  of  S,  7,  or  9,  based  upon  a 0-9  scale.  The  scale,  developed  by  the 
International  Rice  Research  Institute  (IRRI),  is  as  follows:  0=no  symptoms:  l=lcsions  on 
pedicels  and  branches;  3=lcsions  on  branches  and  panicle  axis:  5=lcsions  partially 
surrounding  base  of  panicle;  '--lesions  completely  surrounding  base  of  panicle,  with 
greater  than  30%  of  grains  filled;  and  9=lesions  completely  surrounding  base  of  panicle, 
with  fewer  than  30%  of  grains  filled  (74).  Plots  were  harvested  by  hand  at  both 
locations.  A 3 x 2-m  section  was  marked  in  each  subplot  using  a wire  frame,  and  only 
those  tillers  within  the  frame  were  cut.  Rough  rice  yields  (kg  ha'1)  were  estimated  from 
grain  harvested  in  the  6 m!  portion  of  each  sub-plot  and  were  adjusted  to  reflect  a 12% 

Samples  of  leaf  tissue  were  collected  within  24  hours  of  each  evaluation  of  leaf 
blast  in  1 996  (both  locations)  to  determine  Si  concentration  of  plants  in  unamended  and 
Si-amended  plots  at  the  time  of  assessment  of  disease.  Additionally,  roughly  500  g of 
stem  and  leaf  tissue  were  collected  and  dried  at  harvest  time  to  ascertain  concentration  of 
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Si  in  plants  in  unamended  and  Si-amended  plots  for  correlation  with  neck  blast  (incidence 
and  severity)  and  yield-  In  1995,  tissue  was  collected  at  the  end  of  the  blast  epidemic  and 
at  harvest-  Dried  tissue  was  ground  to  a fine  powder  using  a Wiley  mill,  Silicon  content 
of  tissue  samples  was  determined  by  first  digesting  0. 1 g of  dried  tissue  as  described  by 
Elliot  and  Snyder  (48),  followed  by  automated  colorimetric  analysis.  Data  obtained  were 
analyzed  by  ANOVA  and  regression  where  appropriate. 

Effects  of  Calcium  Silicate  and  Edifenphos  on  Disease  Progress 

Calcium  silicate,  in  nearly  all  cases,  significantly  reduced  overall  disease 
progress,  as  determined  by  apparent  infection  rate,  and  the  severity  of  blast  at  thc-last 
evaluation  date  (final  disease)  at  Santa  Rosa  and  La  Libertad  in  both  years.  Depending 
upon  location  and  year  of  the  study,  increasing  rates  of  edifenphos  also  reduced  infection 
rate  and  final  disease, 

Santa  Rosa  1995.  Silicon  applied  at  0 and  1000  kg  ha*1,  combined  with 
edifenphos  at  0, 100, 250,  and  1000  ml  ha'1,  slowed  the  progress  of  Icafblast  over  a 40- 
day  period  in  1995  at  Santa  Rosa  (Fig,  4.1).  Disease  progress  curves  were  linearized  with 
the  Gompertz  transformation,  gompit  (t)=-ln(-ln(v)),  by  transforming  values  for 
proportion  of  leaf  area  with  disease  for  each  evaluation  date  to  determine  apparent 
infection  rate,  a measure  of  the  daily  rate  of  disease  progress.  In  all  cases,  application  of 
the  Gompertz  equation  resulted  in  significant  linear  models  (Ps0.05)  with  high 
coiTelation  coefficients  (0.86s  R’sO.98)  (data  not  shown)  and  was  judged  a suitable 
model  to  obtain  linearized  disease  progress  curves  in  this  study.  For  each  rate  of 
edifenphos,  Si  at  1000  kg  ha'1  reduced  the  r0  of  Icafblast  by  19-23%  as  compared  to  Si  at 
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Figure  4.1.  Progress  of  leafblast  of  rice  in  Ihe  cultivar  'Oryzica  1'  al  Santa  Rosa, 
Colombia  in  1995.  A.  Gompertz-transformcd  disease  progress  curves  for  four  rates  of 
cdifcnphos,  applied  to  plots  not  amended  with  silicon  (Si).  B.  Gompertz-transformcd 
disease  progress  curves  for  four  rates  of  edifenphos,  applied  to  plots  amended  with  1000 
kg  of  Si  ha'1.  Each  point  is  the  mean  of  five  replications.  rG=apparent  infection  rate 
(change  in  proportion  of  leaf  with  symptoms  of  blast  per  day)  obtained  by  linear 
regression  of  each  transformed  curve. 


0 kg  ha'1  (PsO.05)  (Tabic  4.4).  The  rale  of  infeclion  was  greatest  for  the  untreated  control 
(ro=0.057),  and  was  lowest  for  the  1000  kg  of  Si  ha'1  plus  1000  ml  of  edifenphos  ha'1 
(ro=0.036).  There  was  no  difference  in  rG  between  the  1000  ml  ha*1  rate  of  edifenphos 
without  Si  and  1000  kg  of  Si  ha*1  without  edifenphos  (PsO.05).  Significant  cubic 
relationships  (PsO.OOOl ) were  found  between  r0  and  rate  of  edifenphos  applied  with  and 
without  Si  at  1 000  kg  ha*1  (Fig.  4.2a).  Whc  the  rates  of  edifenphos  were  increased  from  0 
to  1000  ml  ha*1.  rc  was  reduced  by  23%  without  Si  and  by  19%  with  Si. 

Silicon  alone  and  in  combination  with  edifenphos  reduced  the  severity  of  leaf 
blast  at  the  final  evaluation  date  (yfiMl)  in  1 993  (Fig.  4.3a).  At  each  rate  of  edifenphos. 
yM  was  reduced  from  41-49%  by  lOOOkgofSi  ha  '.as  compared  to  0 kg  ha*1  (PsO.05) 
(Table  4.4).  Final  disease  was  significantly  higher  for  the  untreated  control  than  for  any 
ofthe  other  Si-cdifcnphos  combinations  (Ps0.05).  Edifenphos  at  1000  ml  ha*1  reduced 
y«iui  by  48%  as  compared  to  the  untreated  control,  as  did  1000  kg  of  Si  ha*1  (no 
edifenphos);  means  did  not  differ  significantly  between  these  treatments  (Ps0.05).  Si 
plus  edifenphos  at  1000  ml  ha*1  reduced  yw  by  69%  as  compared  to  the  untreated  control 
(PsO.05)  (4.3a).  For  plots  treated  with  0 and  1000  kg  of  Si  ha*1,  significant  cubic 
relationships  were  found  between  y^,  and  rate  of  edifenphos  for  each  rate  of  Si 
(PsO.OOl ),  indicative  of  significant  differences  among  rates  of  edifenphos  for  yM. 
Increases  in  edifenphos  rate  from  0 to  1000  ml  ha*1  decreased  yrral  by  47%  without  Si, 
and  decreased  y,„,  by  38%  when  applied  to  plots  treated  with  1000  kg  of  Si  ha*1 
(Ps0.05)  (Fig.  4.3a). 

Santa  Rosa  1996.  The  effects  ofSi  and  edifenphos  on  the  progress  ofleafblast 
over  a 46-day  period  in  1996  at  Santa  Rosa  are  shown  in  Fig.  4.4.  In  general,  the  rate  of 
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Table  4.4.  Mean  comparisons  of  apparent  infection  rate  (rG),  percent  diseased  leaf  area  at 
the  final  evaluation  of  leaf  blast  (yfiMl),  and  area  under  the  disease  progress  curve 
(AUDPC)  of  leaf  blast  for  eight  silicon  (Si)  plus  edifenphos  combinations  applied  to  rice 
at  Santa  Rosa  in  1995. 


Edifenphos 


0.057  a' 
0.051  b 
0.049  b 

0.044  cd 
0.039  cf 
0.040  de 


6.74  a 
4.78  b 


'yu-pefcotigs  of  leaf  area  with  symptoms  of  rice  blast  at  the  final  evaluation  date. 

'Comparisons  of  any  two  values  in  the  same  column  followed  by  the  same  letter  do  nc 
differ  significantly  (P=0.05)  as  determined  by  t-tests  on  least-squares  means.  Each 
value  is  the  mean  of  five  replications. 
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I 
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Rale  of  edifenohos  (ml/ha) 


Rate  of  Si  (kg/ha) 

■0  (y=0.037  - 0.000004X;  r-sq=0.16;  P=0.02) 
41000  (y=0.032  - 0.000002x;  r-sq=0.11;  P=0.06) 


Rale  of  edifenphos  (ml/ha) 


Figure  4.2.  Relationship  between  apparent  infection  rate  (rG),  the  change  in  proportion 
of  leaf  with  symptoms  per  day,  of  leaf  blast  of  rice  and  rate  of  edifenphos  applied  to  Si- 
amended  and  non-amended  plots  at  Santa  Rosa,  Colombia  in  A)  1995  and  B)  1996.  Each 
point  is  the  mean  of  five  replications. 
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Rate  of  edifennhos  fml/hal 


D 

D Rate  of  edifenphos  (ml/ha) 

Figure  4.3.  Relationship  between  the  percentage  of  diseased  leaf  area  at  the  final 
evaluation  of  leaf  blast  of  rice  and  rate  of  edifenphos  applied  to  Si-amended  and  non- 
amended  plots  at  Santa  Rosa.  Colombia  in  A)  1995  and  B)  1996.  Each  point  is  the  mean 
of  five  replications. 
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Figure  4.4.  Progress  of  leaf  blast  in  rice  on  the  cultivar  ‘Oryzica  1'  at  Santa  Rosa, 
Colombia  in  1 996.  A.  Gompertz-transformed  disease  progress  curves  for  four  rates  of 
edifcnphos,  applied  to  plots  not  amended  with  silicon  (Si).  B.  Gompcrtz-transformcd 
disease  progress  curves  for  four  rates  of  edifcnphos,  applied  to  plots  amended  with  1000 
kg  of  Si  ha* . Each  point  is  the  mean  of  five  replications.  rG-npparcnt  infection  rate 
(change  in  proportion  of  leaf  with  symptoms  of  blast  per  day)  obtained  by  linear 
regression  of  each  transformed  curve. 
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disease  progress  was  lower  in  1996  than  in  the  previous  year.  Silicon  at  1000  kg  ha*1 
reduced  rc  of  leaf  blast  by  14, 16,  and  12%  for  the  0, 100,  and  1000  ml  ha*1  rates  of 
edifenphos  when  compared  to  the  same  rates  of  edifenphos  without  Si  (Ps0.05)  (Table 
4.S).  The  highest  rG  was  found  for  0 ml  ha*'  edifenphos  without  Si.  Silicon  at  1000  kg 
ha*',  without  edifenphos,  and  edifenphos  at  1000  ml  ha*1,  without  Si,  reduced  r0  by  19% 
and  1 1%,  respectively,  when  compared  to  tile  untreated  control  (PsO.OS)  (Table  4.5). 
Values  of  r0  for  1000  kg  of  Si  ha*1  and  for  1000  ml  of  edifenphos  ha*'  did  not  differ 
significantly  (Ps0.05),  The  rale  of  infection  decreased  in  a linear  fashion  as  the  rate  of 
edifenphos  was  increased  from  0 to  1000  ml  ha'1  with  and  without  Si  (Fig.  4.2b). 

Silicon  at  1000  kg  ha'1  reduced  the  amount  of  lcafblast  present  at  the  end  of  the 
evaluation  period  (yM)  in  1996  at  Santa  Rosa  (PsO.OS)  (Fig.  4.3b).  Final  disease  was 
approximately  50%  lower  in  control  plots  in  1996  than  in  1995  at  Santa  Rosa(Ps0.05) 
(Tables  4,4  and  4.5),  Si  reduced  yto,  by  24-30%  as  compared  to  no  Si  at  each  rate  of 
edifenphos  (Table  4.5).  Highest  ratings  of yr<ul  were  found  for  0 or  250  ml  ha*1 
edifenphos  without  Si.  Edifenphos  at  1000  ml  ha'1  plus  1000  kg  ofSi  ha*1  reduced  final 
disease  by  48%  as  compared  to  the  untreated  control.  Silicon  at  1000  kg  ha*1  reduced 
final  disease  by  48%  as  compared  to  the  control  and  by  3 1 % as  compared  to  the  highest 
rate  of  edifenphos  (Ps0.05)  (Table  4.5).  The  impact  of  increased  rates  of  edifenphos  on 
yitat,  when  applied  with  1000  kg  of  Si  ha'1,  was  of  a smaller  magnitude  than  that  of 
edifenphos  applied  without  Si  (Fig.  4.3b).  The  application  of  edifenphos  at  100, 250,  and 
1 000  ml  ha*1,  for  plots  not  treated  with  Si,  reduced  yfiluI  as  compared  to  0 ml  ha*1 
edifenphos;  however,  no  significant  linear  relationship  (Ps0.05)  was  found  between  yM 
and  rale  of  edifenphos  in  plots  treated  with  1000  kg  of  Si  ha*'  (Fig.  4.3b). 
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Tabic  4.5.  Mean  comparisons  of  apparent  infection  rate  (r0),  percent  diseased  leaf  area 
at  the  final  evaluation  of  leaf  blast  (yfinll).  and  area  under  the  disease  progress  curve 
(AUDPC)  of  leaf  blast  for  eight  silicon  (Si)  plus  edifenphos  combinations  applied  to  rice 

at  Santa  Rosa  in  1996. 

SI  Edifenphos 


0 0.038  a* 

100  0.032  be 

2S0  0.033  b 

1000  0.033  b 


21  a 
13  bed 
20  a 


AUDPC 
4.30  a 
1.86  cd 
2.90  b 


16  b 


2.70  b 


1000  100 

1000  250 

1000 1000 


0.027  d 9e 
0.033  b 14  be 
0.029  cd II  de 


1.43  d 
2.23  be 
1.39  d 


*r0=daily  rate  of  progress  of  leaf  blast  (change  in  the  proportion  of  leaf  area  with 
symptoms  per  day). 


’yflMi^arcatha&a  of  leaf  area  with  symptoms  of  rice  blast  at  the  final  evaluation  date. 

*Comparisons  of  any  two  values  in  the  same  column  followed  by  the  same  letter  do  not 
differ  significantly  (P=0.05)  as  determined  by  t-tesls  on  least-squares  means.  Each 
value  is  the  mean  of  five  replications. 
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La  Libertad  1995,  Silicon  applied  al  0 and  1000  kg  ha'1  in  combinaiion  with 
edifenphos  at  0, 100, 250,  and  1000  ml  ha'1  slowed  the  progress  of  leaf  blast  over  a 31- 
day  period  in  1995  at  La  Libertad  (Fig.  4.5).  Si  at  1000  kg  ha'1  reduced  mean  r0  of  rice 
blast  by  31,22,  and  26%,  respectively,  for  0, 100,  and  1000  mi  of  edifenphos  ha'1,  as 
compared  to  the  same  rates  of  edifenphos  at  without  Si  (Ps0.05)  (Table  4.6).  Mean  rG 
was  lower  for  Si  at  1000  kg  ha'1  without  edifenphos  when  compared  to  edifenphos 
applied  at  1000  ml  ha'1  without  Si  (PsO.OS).  The  relationship  between  rG  and  rate  of 
edifenphos  was  significant  in  plots  that  were  not  amended  with  Si,  and  a 5%  reduction  in 
rG  was  observed  as  the  rate  of  edifenphos  was  increased  from  0 to  1000  ml  ha'1  (PsO.OOl) 
(Fig  4.6a).  No  significant  differences  in  rG  were  found  between  any  rale  of  edifenphos  in 
plots  amended  with  1000  kg  of  Si  ha'1  without  edifenphos. 

Final  disease  at  La  Libertad  was  reduced  by  Si  (Fig.  4.7a).  Si  at  1000  kg  ha'1 
reduced  yM  by  67, 45,  and  56%  for  the  0, 100,  and  1000  ml  ha'1  rates  of  edifenphos, 
respectively,  when  compared  to  the  same  rales  of  edifenphos  without  Si  (Ps0.05)  (Table 
4,6).  The  relationship  between  yfilu,  and  rate  of  edifenphos  was  significant  and  quadratic 
for  plots  not  amended  with  Si,  and  yroul  was  reduced  by  25%  as  the  rate  of  edifenphos  was 
increased  to  1000  ml  ha'1  (Fig.  4.7a).  Edifenphos,  any  rate,  did  not  significantly  reduce 
y^i  in  plots  that  received  1000  kg  ha'1  Si  (Ps0.05). 

La  Libertad  1996.  Silicon  alone  and  in  combination  with  edifenphos  slowed  the 
progress  of  leaf  blast  over  a 3 1 -day  period  at  La  Libertad  in  1 996  (Fig.  4.8).  At  each  rate 
of  edifenphos.  Si  at  1000  kg  ha*1  significantly  reduced  rG  by  31-54%  as  compared  to  0 kg 
of  Si  ha'1  (Table  4.7).  Treatment  with  Si  at  1000  kg  ha'1  reduced  rG  by  36%  as  compared 
to  the  untreated  control  and  by  28%  as  compared  to  the  full  ( 1000  ml  ha'1)  rate  of 
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Figure  4.5.  Progress  of  leaf  blast  in  rice  on  Ihe  cullivar  ‘Linea  2'  al  La  Libenad, 
Colombia  in  1 995.  A.  Gompcrt/- transformed  disease  progress  curves  for  four  rales  of 
edifenphos,  applied  to  plols  nol  amended  with  silicon  (Si).  B.  Gompertz-transformed 
disease  progress  curves  for  four  rales  of  edifenphos,  applied  to  plols  amended  wilh  1000 
leg  of  Si  ha*1.  Each  point  is  Ihe  mean  of  five  replications.  rG=apparent  infection  rate 
obtained  by  linear  regression  of  each  transformed  curve. 


Table  4.6.  Mean  comparisons  of  apparent  infection  rate  (rG),  percent  diseased  leaf  area 
at  the  final  evaluation  of  leaf  blast  and  area  under  the  disease  progress  curve 

(AUDPC)  of  leaf  blast  for  eight  silicon  (Si)  plus  edifenphos  combinations  applied  to  rice 

at  La  Libcrtad  in  1995. 

Si  Edifenphos 

kg  ha'1  mlha'1  rs*  ‘ AllDPC 


0.037  b 
0.043  a 
0.031  d 
0.035  be 
0.036  be 
0.032  cd 


37  de 
54cde 


^y<iaii=P®tcentage  of  leaf  area  with  symptoms  of  rice  blast  at  the  final  evaluation  date. 

’Comparisons  of  any  two  values  in  the  same  column  followed  by  the  same  letter  do  not 
differ  significantly  (P=0.05)  as  determined  by  l-lcsls  on  least-squares  means.  Each 
value  is  the  mean  of  five  replications. 


0.05 


Rate  of  Si  (kg/ha) 

■0  (y=0.048  * 3 60 V - 0.00004*;  r-sq=0.37;  P=0.001) 
A1000  (y=0.036  - 0.000001*;  r-sq=0.02;  P=0.4S) 
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Rate  ot  edifenphos  (ml/ha) 


Rate  of  edifenphos  (ml/ha) 


Figure  4.6.  Relationship  between  apparent  infection  rate  (rG),  the  change  in  proportion 
of  leaf  with  symptoms  per  day,  ofleaf  blast  of  rice  and  rate  of  edifenphos  applied  to  Si- 
amended  and  non-amended  plots  at  La  Libertad,  Colombia  in  A)  1995  and  B)  1996. 
Each  point  is  the  mean  of  five  replications. 
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Rate  of  editenphos  (ml/hal 


Rate  of  SI  (ke/ha) 

|»0  (y=8.0  - 0.001c;  r-sq.=0.01;  P=0.60) 

1*1000  (y=3.5  - O.OOOBx;  r-aq.=0.01;  P=0.60)  | 


Rate  of  edifenphos 

Relationship  between  the  percentage  of  diseased  leaf  area  of  rice  at  the  final 
leaf  blast  and  rate  of  edifenphos  applied  to  Si-amended  and  non-amended 
ibertad,  Colombia  in  A)  1995  and  B)  1996.  Each  point  is  the  mean  of  five 


® Davs 

Figure  4.8.  Progress  of  leaf  blast  of  rice  in  the  cultivar  ‘Linea  2'  at  La  Libcrtad, 
Colombia  in  1996.  A.  Gomperlz-transformed  disease  progress  curves  for  four  rates  of 
edifenphos,  applied  to  plots  not  amended  with  silicon  (Si).  B.  Gomperlz-transformed 
disease  progress  curves  for  four  rales  of  edifenphos,  applied  to  plots  amended  with  1000 
kg  ofSi  ha’1.  Each  point  is  the  mean  offive  replications.  rG=apparent  infection  rate 
(change  in  proportion  of  leaf  with  symptoms  ofblast  per  day)  obtained  by  linear 
regression  of  each  transformed  curve. 


Table  4.7.  Mean  comparisons  of  apparent  infection  rate  (rG),  percent  diseased  leaf  area 
at  the  final  evaluation  of  leaf  blast  (yf.rjl),  and  area  under  the  disease  progress  curve 
(AUDPC)  of  leaf  blast  for  eight  wollastonite-cdifcnphos  combinations  applied  to  rice  at 
La  Libertadin  1996. 


Edifenpbos 


'Ygi^peroentage  of  leaf  area  with  symptoms  of  rice  blast  at  the  final  evaluation  date. 

'Comparisons  of  any  two  values  in  the  same  column  followed  by  the  same  letter  do  not 
differ  significantly  (P=0.05)  as  determined  by  t-tesls  on  least-squares  means.  Each 
value  is  the  mean  of  five  replications. 
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edifenphos  (P=0.05)  (Table  4.7).  The  relationship  between  r0  and  rate  of  edifenphos  was 
not  significant  in  plots  treated  with  0 or  1000  kg  ha'1  Si.  indicating  no  change  in  the 
apparent  infection  rate  as  the  rate  of  fungicide  was  increased  (Fig.  4.6b). 

Silicon  reduced  y„„,  at  La  Libcrtad  in  1996  (Table  4.7).  At  each  rate  of 
edifenphos,  y,„,  was  lower  by  more  than  40%  for  1000  kg  ofSi  ha  ' as  compared  to  0 kg 
ha'1  (Ps0.05)  (Table  4.7).  Silicon  at  1000  kg  ha’1  without  edifenphos  reduced  final 
disease  by  46%  as  compared  to  the  untreated  control  and  by  36%  as  compared  to  the  full 
rate  (1000  ml  ha1)  of  edifenphos  without  Si  (Ps0.05)  (Table  4.7).  Mean  values  of  y^,, 
were  not  significantly  reduced  by  increased  rates  of  edifenphos  in  plots  treated  with  0 or 
1000  kg  of  Si  ha*1  (P-0.60),  as  determined  by  linear  regression  (Fig.  4.7b). 

Effects  of  Si  Plus  Edifenphos  on  Season-long  Severity  of  Leaf  Blast 

The  application  of  Si,  in  the  presence  or  absence  of  fungicides,  reduced  the 
season-long  severity  of  leaf  blast  at  Santa  Rosa  and  La  Libcrtad  in  eastern  Colombia  in 
both  years  of  the  study  (Figs.  4.9-4. 1 0). 

Santa  Rosa  1995.  Si  at  1000  kg  ha 1 reduced  the  area  under  disease  progress 
curve  (AUDPC)  for  leaf  blast,  a measure  of  season-long  severity  of  disease,  at  each  rate 
of  edifenphos  by  up  to  56%  as  compared  to  the  same  rates  of  fungicide  at  0 kg  of  Si  ha*’ 
(Ps0.05)  (Table  4.4).  Edifenphos  at  1000  ml  ha*1,  without  Si,  reduced  AUDPC  by  56% 
when  compared  to  the  control  (Ps0.05),  Values  of  AUDPC  were  not  significantly 
different  between  edifenphos  at  1000  ml  ha*1,  without  Si  and  1000  kg  of  Si  ha*1  without 
edifenphos  (PsO.05)  (Table  4.4).  The  relationship  between  rate  of  edifenphos  and 
AUDPC  was  determined  to  be  significant  and  cubic  (Fig.  4.9a),  which  was  indicative  of 
significant  differences  among  the  four  rates  of  edifenphos  (PsO.OOOI).  For  plots  not 
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Figure  4.9.  Relationship  between  area  under  the  disease  progress  curve  (AUDPC)  ofleaf 
Rosa.  Colombia  in  A)  1995  and  B)  1996.  Each  point  is  the  mean  of  five  replications. 
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Rale  of  edifenphos 
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amended  with  Si,  AUDPC  decreased  by  54%  as  the  rate  of  edifenphos  increased  from  0 
to  1000  ml  ha'1,  and  by  44%  for  plots  amended  with  1000  kg  of  Si  ha'1  (Fig.  4.9a). 

Santa  Rosa  1996.  Severity  ofblast  was  lower  in  1996  than  in  1995  at  Santa 
Rosa.  Treatment  with  Si  at  1000  kg  ha'1  lowered  AUDPC's  for  0 and  1000  ml  ha'1 
edifenphos,  as  compared  to  the  same  rates  of  fungicide  without  Si  (PsO.05)  (Table  4,5). 
Highest  severity  of  disease,  as  determined  by  AUDPC,  occurred  where  neither  Si  nor 
edifenphos  had  been  applied  (Table  4.5).  Silicon  alone  reduced  AUDPC  by  63%  as 
compared  to  the  untreated  control,  and  by  41%  as  compared  to  the  fungicide  only  control 
(Ps0.05).  A significant,  decreasing  linear  relationship  between  AUDPC  and  rate  of 
edifenphos  was  determined  for  plots  amended  with  0 kg  of  Si  ha'1  (PsO.OOOl),  and  a 
significant  cubic  relationship  was  Ibund  between  AUDPC  and  rate  of  edifenphos  for  plots 
treated  with  1 000  kg  of  Si  ha'1  (Ps0.0008)  (Fig.  4.9b).  The  AUDPC  or  leaf  blast 
decreased  as  the  rate  of  fungicide  was  increased  with  and  without  the  amendment  of  Si. 

La  Libertad  1995.  The  overall  severity  of  leaf  blast  was  considerably  lower  at 
La  Libertad  than  at  Santa  Rosa.  Mean  AUDPC  values  for  leaf  blast  at  0 kg  of  Si  ha*1 
were  higher  than  for  1000  kg  of  Si  ha'1  at  each  rale  ofedifenphos  except  250  ml  ha'1 
(Ps0.05)  (Table  4.6).  Silicon  at  1000  kg  ha*',  without  edifenphos,  reduced  AUDPC  by 
72%  over  the  untreated  control  (Table  4.6).  Edifenphos  at  1 000  ml  ha'1,  without  Si  did 
not  significantly  reduce  AUDPC  over  the  untreated  control.  Silicon  at  1000  kg  ha 1 
reduced  AUDPC  by  66%  as  compared  to  1000  ml  ofedifenphos  ha'1  without  Si  (Ps0.05) 
(Table  4.6).  The  relationship  between  fungicide  rate  and  AUDPC  of  leafblast  was  not 
significant  at  cithcrO  or  1000  kg  ofSi  ha'1  (Fig.  4.10a). 


La  LIbertad  1996.  Severity  of  leaf  blast,  as  measured  by  AUDPC,  was  reduced 
by  Si  at  1000  kg  ha'1  by  an  average  of  69%  when  compared  to  0 kg  of  Si  ha1,  regardless 
of  the  rate  of  edifenphos  (Ps0.05)  (Table  4.7).  Silicon  at  1000  kg  ha'1,  without 
edifenphos,  reduced  (Ps0.05)  AUDPC  of  leaf  blast  by  67%  as  compared  to  the  untreated 
control,  and  by  63%  as  compared  to  1000  ml  of  edifenphos  ha'1  without  Si  (Table  4.7). 
No  significant  linear  relationship  was  found  between  AUDPC  and  edifenphos  rate  for 
plots  treated  with  either  rale  of  Si  (P>0.36)  (Fig.  4.10b).  Edifenphos  by  itself  or  with  Si 
did  not  reduce  severity  of  leaf  blast  at  La  Libertad  in  1996. 

ElTccts  of  Si  Plus  Tricyclazolc  on  the  Incidence  of  Neck  Blast 

Santa  Rosa  1995.  The  incidence  of  neck  blast  was  reduced  by  Si  at  1000  kg  ha'1 
for  all  rates  of  tricyclazolc,  when  compared  to  0 kg  of  Si  ha'1  (Ps0.05)  (Table  4.8). 
Silicon  at  1000  kg  ha'1,  without  tricyclazole,  reduced  incidence  of  neck  blast  by  15%  as 
compared  to  the  untreated  control  (Ps0.05).  Tricyclazolc  at  300  g ha'1,  without  Si, 
reduced  neck  blast  by  46%.  Treatment  with  Si  at  1000  kg  ha'1  plus  30  g of  tricyclazolc 
ha'1  reduced  the  incidence  of  neck  blast  to  the  same  statistical  level  (Ps0.05)  as  the  full 
rale  of  tricyclazolc  without  Si  (Table  4.8).  For  plots  treated  with  0 or  1000  kg  of  Si  ha'1, 
the  relationship  between  incidence  of  neck  blast  and  rate  of  tricyclazole  was  significant 
(PsO.OOOI)  and  cubic  (Fig.  4,1  la).  Incidence  of  neck  blast  was  reduced  by  44%  and  65% 
for  plots  treated  with  0 or  1000  kg  of  Si  ha'1,  respectively,  when  the  rate  of  tricyclazole 
was  raised  from  0 to  300  g ha*1, 

Santa  Rosa  1 996.  The  incidence  of  neck  blast  was,  on  average,  25%  higher  in 
1996  than  in  1995  at  Santa  Rosa.  Applications  ofSi  at  1000  kg  ha'1  significantly  reduced 
the  incidence  of  neck  blast  by  38%  and  31%  as  compared  to  0 kg  ha 1 for  the  0 and  30  g 


Tabic  4.8.  Effects  of  silicon  plus  fungicides  applied  at  full  and  reduced  rates  on  the 

incidence  of  neck  blast  and  yield  of  rough  rice  at  Santa  Rosa  in  1995. 

Si  Fungicide  % Incidence  Yield 

kg  ha'1 rate* neck  blast kg  ha'1  ’ 

0/0  54  a’  1713  d 

100/30  35  c 2070  bed 

250/75  32  cd  2050  cd 

1000/300  29  cd  2715  ab 

0/0  46  b 2627  abc 

100/30  31  cd  2777  a 

250/75  28  d 2565  abc 

1000/300 16c 2816  a 

‘Rates  of  edifenphos  (L  ha'1),  applied  at  tillering  and  panicle  initiation,  and  tricyclazole 
(g  ha'1),  applied  at  booting.  1%  heading,  and  50%  heading. 

’Yield  of  rough  rice,  adjusted  to  1 2%  moisture  content. 

'Comparisons  of  any  two  values  in  the  same  column  followed  by  the  same  letter  do  not 
differ  significantly  (P=0.05)  as  determined  by  t-tests  on  least-squares  means.  Each 
value  is  the  mean  of  five  replications. 


Rale  of  tricyclazole  (g/ha) 

Figure  4.1 1.  Relationship  between  the  incidence  of  neck  blast  (%)  of  rice  and  rate  of 
edifenphos  applied  to  Si-amended  and  non-amended  rice  at  Santa  Rosa,  Colombia  in  A) 
1995  and  B)  1996.  Each  point  is  the  mean  of  five  replications. 


ha'1  rates  of  tricyclazole,  respectively  at  Santa  Rosa  in  1996  (PsO.OS)  (Table  4.9).  Neck 
blast  was  reduced  by  Si  at  1000  kg  ha'1  when  compared  to  the  untreated  control  (Ps0.05) 
(Table  4.9).  Tricyclazole  at  300  g ha1,  without  Si,  reduced  neck  blast  by  83%  as 
compared  to  the  control  and  by  73%  as  compared  to  Si  without  tricyclazole;  however,  the 
combination  of  Si  plus  tricyclazole  at  30  g ha’1  reduced  neck  blast  to  the  same  statistical 
level  as  the  full  rate  of  tricyclazole  without  Si  (Table  4.9).  The  relationship  between 
incidence  of  neck  blast  and  rate  of  tricyclazole  was  both  significant  (PsO.OOOl)  and  cubic 
for  plots  amended  with  1000  kg  of  Si  ha1,  as  well  as  plots  not  treated  with  Si  (Fig. 

4.1  lb).  Neck  blast  was  reduced  by  83%  and  86%  for  the  0 and  1000  kg  ha'1  rates  of  Si, 
respectively,  as  the  rate  of  tricyclazole  was  increased  from  0 to  300  g ha1. 

La  Libcrtad  1995.  As  with  leaf  blast,  levels  of  neck  blast  were  lower  at  La 
Libertad  than  at  Santa  Rosa.  Neck  blast  was  reduced  by  the  application  of  Si  at  La 
Libcrtad  in  1995.  Differences  in  incidence  between  the  two  rates  of  Si  were  significant  at 
the  0 g ha’1  rate  of  tricyclazole  only  (PsO.OS)  (Table  4. 10).  The  incidence  of  neck  blast 
was  55%  lower  for  Si  without  tricyclazole  when  compared  to  the  untreated  control,  and 
did  not  differ  significantly  from  300  g of  tricyclazole  ha'1  without  Si  (Table  4. 10).  The 
relationship  between  the  incidence  of  neck  blast  and  rate  of  tricyclazole  was  significant 
and  linear  (Ps0.03)  for  plots  not  treated  with  Si  (Fig.  4.12a).  As  the  rate  of  tricyclazole 
was  increased  from  0 to  300  g ha'1,  incidence  of  neck  blast  decreased  by  68%.  No 
significant  differences  in  the  incidence  of  neck  blast  were  observed  for  any  rate  of 
tricyclazole  in  plots  amended  with  1000  kg  ha'*  Si  (Fig.  4.12a). 

La  Libertad  1996.  Si  reduced  the  incidence  of  neck  blast  at  La  Libertad  in  1996, 
with  overall  incidence  of  neck  blast  being  higher  than  in  1995  (Table  4.1 1).  Neck  blast 


% Incidence 
neck  blast 


Yield 
kg  ha'1  ’ 


100/30 

250/75 

1000/300 


1.8  be 
1.8  be 


1797  b 
1824  b 
1777  b 
1685  b 
2253  a 
22SOa 
2246  a 
2154  a 


>¥1616  of  rough  rice,  adjusted  to  12%  moisture  content, 


'Comparisons  of  any  two  values  in  the  same  column  followed  by  the  same  letter  do  not 
differ  significantly  (P=0.05)  as  determined  by  l-tests  on  least-squares  means.  Each 
value  Is  the  mean  of  five  replications. 


Rate  of  tricyclazole  (g/ha) 


Rate  of  tricyclazole  (g/ha) 


Figure  4.12.  Relalionship  between  the  incidence  of  neck  blast  of  rice  and  rate  of 
cdifcnphos  applied  to  Si-amended  and  non-amended  plots  at  La  Libcrtad,  Colombia  in  A) 
1995  and  B)  1996;  each  point  is  the  mean  of  five  replications. 


% Incidence 
neck  blasl 


Yield 


100/30 

250/75 


2602  b 
2824  nb 


3167  a 
2556  b 
2922  ab 


’Yield  of  rough  rice,  adjusted  to  12%  moisture  content. 


‘Comparisons  of  any  two  values  in  the  same  column  followed  by  the  same  letter  do  not 
differ  significantly  (P=0.05)  as  determined  by  t-tests  on  least-squares  means.  Each 
value  is  the  mean  of  five  replications. 


was  lower  for  0 and  300  g ha'1  tricyclazole  plus  1000  kg  of  Si  ha'1  as  compared  to  the 
same  rates  of  tricyclazole  without  Si  (Ps0.05)  (Table  4,1 1).  Treatment  with  Si  at  1000  kg 
ha'1  without  tricyclazole  reduced  neck  blast  by  79%  as  compared  to  the  untreated  control, 
and  by  64%  as  compared  to  300  g of  tricyclazole  ha'1  without  Si  (PsO.05).  At  0 and  1000 
kg  ha'1  Si,  neck  blast  was  significantly  reduced  by  47%  and  50%,  respectively,  as  the  rate 
of  tricyclazole  was  increased  from  0 to  300  g ha'1  (Fig,  4.12b).  The  relationship  between 
the  incidence  of  neck  blast  and  rate  of  tricyclazole  was  quadratic  in  plots  not  treated  with 
Si,  and  linear  for  those  amended  with  1000  kg  of  Si  ha'1. 

Effects  of  Si  plus  Fungicides  on  Yield 

Santa  Rosa.  Yields  of  rough  rice  were  increased  by  the  application  of  Si  in  both 
years  of  the  study  (Tables  4.8-4.9).  Si  at  1000  kg  ha'1,  without  fungicides,  significantly 
increased  yields  by  34%  and  33%  as  compared  to  the  untreated  control  in  1995  and  1996, 
respectively  (Ps0.05)  (Tables 4.8-4.9J.  In  1995,  yields  from  plots  treated  with  full  rates 
of  edifenphos  and  tricyclazole  without  Si  were  higher  than  those  of  the  untreated  control 
(PsO.05),  and  did  not  differ  significantly  from  1000  kg  of  Si  ha'1  without  fungicides 
(Table  4.8).  In  1996,  Si  at  1000  kg  ha  ',  without  fungicides,  increased  yields  as  compared 
to  full  rates  of  edifenphos  and  tricyclazole  without  Si  (Ps0.05)  (Table  4.9).  In  1995,  the 
relationship  between  yield  and  rate  of  fungicide  was  significant  only  for  fungicides 
applied  without  Si  (Fig  4.13a).  Edifenphos  and  tricyclazole,  applied  without  Si,  raised 
yields  by  23%  at  the  highest  rate  when  compared  treatments  without  Si  or  fungicides 
(PsO.OOS)  (Fig  4.13a).  No  significant  change  (P>0.76)  in  yield  could  be  associated  with 
increased  rates  of  fungicide  applied  to  plots  treated  with  1000  kg  of  Si  ha'1  in  1995.  In 
1996,  the  application  of  fungicides  at  reduced  or  full  rates  did  not  significantly  affect 


yield  in  plots  not  treated  with  Si  or  plots  amended  with  1000  kg  of  Si  ha'1  (Fig.  4.13b). 
Yields  for  all  treatments  were  greater  in  1996  than  in  1995. 

La  Libertad.  Yields  of  rough  rice  were  lower  at  La  Libcrtad  than  at  Santa  Rosa 
in  both  1995  and  1996.  Si  at  1000  kg  ha  ',  without  fungicides,  increased  yields  by  20%  in 

1995  and  1996  as  compared  to  the  untreated  control  (Ps0.05)  (Tables  4.10  and  4.1 1).  At 
each  rate  of  fungicide  in  1995,  yields  were  significantly  higher  for  1000  kg  of  Si  ha''  as 
compared  to  0 kg  of  Si  ha'1  (Table  4.10).  In  1995,  yields  from  plots  treated  with  Si  at 
1000  kg  ha  ',  without  fungicides,  were  significantly  increased  by  25%  as  compared  to 
plots  treated  with  full  rates  of  edifenphos  and  tricyclazolc  without  Si;  however,  in  1996, 
no  differences  in  yield  were  found  between  the  aforementioned  treatments  (Ps0.05) 
(Tables  4.10-4.1 1).  The  relationship  between  yield  and  rate  of  fungicide  was  significant 
(PsO.04)  and  linear  for  plots  not  treated  with  Si,  or  plots  amended  with  1000  kg  of  Si  ha'1 
(Fig,  4. 1 4a).  For  both  rates  of  Si,  yields  decreased  by  up  to  7%  as  the  rate  of  fungicide 
was  increased  to  the  maximum.  In  1996,  the  relationship  between  yield  and  rate  of 
fungicide  was  not  significant  for  cither  rate  of  Si,  indicating  that  yield  was  not 
significantly  different  among  the  rates  of  fungicide  tested  (P>0.20)  (Fig.  4, 1 4b). 

Residual  Effects  of  Si  on  Leaf  Blast,  Neck  Blast,  and  Yield 

Santa  Rosa.  Applications  of  Si  made  in  1995  reduced  the  severity  of  leaf  blast  in 

1996  (Table  4.12).  Silicon  applied  in  1995  reduced  AUDPC  of  leafblast  by  50%  as 
compared  to  the  untreated  control  (Ps  0.000 1 ) (Table  4.12).  Mean  values  of  AUDPC  did 
not  differ  significantly  between  plots  treated  with  Si  in  1995  (residual  plots)  and  plots 
treated  in  1996,  or  between  plots  treated  with  only  1000  ml  of  edifenphos  ha'1  (PsO.OS) 
(Table  4.12).  Fresh  applications  of  Si  in  combination  with  edifonphos  significantly 
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QOOOkgha')  vs. 


Fresh  Si  (1996  application)  + 1.39  ( 


reduced  AUDPC  of  leaf  blast  when  compared  with  residual  Si  without  fungicides 
(PsO.Ol). 

The  incidence  of  neck  blast  in  1996  was  reduced  by  40%  in  plots  treated  with 
1000  kg  ha'1  Si  in  1995,  as  compared  to  the  untreated  control  (PsO.OOOl)  (Table  4.13). 
No  significant  differences  occurred  in  the  incidence  of  neck  blast  between  plots  treated 
with  Si  in  1995  and  those  treated  in  1996  (P>0.60);  however,  the  incidence  of  neck  blast 
was  higher  in  residual  plots  than  in  plots  treated  with  300  g of  tricyclazole  ha'1  only 
(PsO.OOOl)  (Table  4.13).  The  addition  of  reduced  rates  of  tricyclazole  to  residual  plots 
did  not  control  neck  blast  as  well  as  the  full  rate  of  tricyclazole  without  Si.  In  general,  all 
plots  that  treated  with  edifenphos,  with  or  without  applications  of  Si  in  1996, 
significantly  reduced  AUDPC  when  compared  to  residual  plots  without  fungicide. 

Fresh  applications  of  Si  were  more  effective  in  increasing  yield  in  1996  at  Santa 
Rosa  than  applications  of  Si  made  in  1 995.  Although  yields  of  rough  rice  from  residual 
plots  were  25%  higher  than  yields  from  the  untreated  control  (Ps  0.0004),  they  were 
lower  than  yields  from  plots  amended  with  Si  in  1 996  (Ps  0.04)  (Table  4. 1 3).  Yields 
from  residual  plots  did  not  differ  significantly  from  those  of  plots  treated  only  with  full 
rates  of  edifenphos  and  tricyclazole  (P>0.05)  (Table  4. 1 3). 

La  Libertad.  As  at  Santa  Rosa,  applications  ofSi  made  in  1995  reduced  the 
severity  of  leaf  blast,  as  measured  by  AUDPC,  in  1996.  The  AUDPC  of  leaf  blast  from 
plots  amended  with  1 000  kg  of  Si  ha'1  in  1 995  was  lower  than  for  untreated  controls 
(Ps0.04)  (Tabic  4.12).  Severity  of  disease  in  residual  plots  was  not  significantly  different 
from  that  in  plots  amended  with  fresh  applications  of  Si  or  with  edifenphos  at  1000  ml 
ha''  without  Si  (P>0.08)  (Table  4.12). 
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Table  4. 13.  Comparisons  made  in  1996  al  Sanla  Rosa  and  La  Libertad,  Colombia,  of  Ihe 
incidence  of  neck  blasi  and  yield  from  rice  irealcd  with  silicon  (Si)  at  1000  kg  ha'1  in 
1995  (residual  Si)  and  then  with  selected  treatments  of  either  fresh  Si  (applied  at  1000  kg 

ha’1  in  1996)  or  residual  Si  plus  the  labeled  rate  of  tricyclazole  (300  g ha  '). 

Sanla  Rosa  La  Libertad 


Residua!  Si  - 1995  applia 
(lOOOkgk a')  a. 


The  incidence  of  neck  blast  in  residual  plots  was  significantly  reduced  by  48%  as 
compared  to  untreated  control  plots  (PsO.OOl)  (Table  4. 13).  Neck  blast  was  lower  in 
plots  that  received  1000  kg  of  Si  ha'1  in  1996  than  in  residual  plots  (Ps0.03);  however, 
the  incidence  of  neck  blast  from  plots  treated  with  300  g of  tricyclazole  ha1  was  not 
different  from  that  observed  in  residual  plots  (P>0.70)  (Table  4.13). 

Applications  of  Si  made  in  1995  did  not  significantly  increase  yields  in  1996  as 
compared  to  untreated  control  plots  (P>0.05)  (Table  4.13).  Yields  from  plots  amended 
with  1000  kg  of  Si  ha'1  in  1996  were  15%  higher  than  in  residual  plots  (Ps0.006),  but  no 
significant  differences  in  yield  were  found  between  residual  plots  and  those  treated  with 
the  labeled  rate  (300  g ha*1)  of  tricyclazole  (P>0.60)  (Table  4. 1 3). 

Correlation  Analyses  between  Yield  and  Disease 

Yield  was  reduced  by  leaf  and  neck  blast  at  Santa  Rosa  in  1995  and  1996  (Table 
4.14).  The  correlation  between  yield  and  both  leaf  and  neck  blast  was  found  to  be 
negative  and  significant  (0.0001  sPs0.002).  At  La  Libertad,  only  leaf  blast  reduced 
yields  in  both  years  of  the  study.  Significant  correlations  were  found  between  yield  and 
leaf  blast  in  1995-6  (0.0002sPs0.05);  however,  no  significant  relationship  was  noted 
between  yield  and  neck  blast  at  La  Libertad  (0.17sPs0.35)  (Table  4.14) . 

Content  of  Si  in  Plant  Tissue 

Silicon  content  in  leaf  tissue  for  individual  treatments  did  not  differ  significantly 
between  evaluation  dates  (P>0.05);  therefore  means  are  presented  as  an  average  across  all 
evaluations  made  at  Santa  Rosa  and  La  Libertad  in  1996  (Table  4.15).  The  interaction 
between  rate  of  Si  and  rate  of  fungicide  was  not  significant  at  cither  location,  thus  Si 
content  was  averaged  across  all  rales  of  fungicide  for  the  0 and  1 000  kg  ha'1  rates  of  Si. 


106 


Table  4.14.  Pearson  correlation  coefficients  for  yield  vs.  severity  of  leaf  blast  and 
incidence  of  neck  blast  in  rice  at  Santa  Rosa  and  La  Libertad,  Colombia  in  199S  and 
1996. 


1996 


Leaf  blast  Neck  blast  Lear  blast  Neck  blast 

Yield*  AUDPC’  incidence  (%)' AUDPC’  Incidence  (%)' 

Santa  Rosa  -0.67  -0.47  -0.52  -0.54 


Prob  > |R|  0.0001  0.002  0.0006  0.0003 

n=40 

La  Libertad  -0.60  -0.022  -0.34  -0.15 

Prob  > |R|  0.0002  0.17  0.05  0.35 

n=40 • 

’Yield  of  rough  rice  (kg  ha'1)  from  ‘Oryzica  1*  and  'Linca  2'  planted  at  Santa  Rosa  and  La 
Libertad,  respectively. 

’Area  under  disease  progress  curve  (AUDPC)  used  as  a measure  of  severity  of  leaf  blast. 
’'Percent  incidence  of  neck  blast;  mean  of  SO  panicles  per  plot. 
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Table  4.15.  Content  of  Si  in  leaf  and  stem  tissue  of  rice  collected  in  1996  from  plots 
amended  with  Si  (1000  kg  ha'1)  in  1995  and  1996  at  Santa  Rosa  and  La  Libcrtad, 
Colombia. 


Application  Si  rate 
Location  Year  kg  ha*' 

Santa  Rosa  1996  0 

1000 

Santa  Rosa  1995  0 

(residual)  1000 


1996  Si  content  (dag  kg*1)* 
Leaf Stem 

2.58  a'  2.86  a 

3.85  b A 3.60  b A 

2.59  a 2.84  a 

3.15  bB  3.50b  A 


1.91a  1.83  a 

3.78  b A 3.21b  A 

2.24  a 1.65  a 

2.51  bB  1.97  bB 


'Concentration  of  Si  in  decagrams  (dag)  per  kg  of  leaf  or  stem  tissue. 


'For  comparisons  of  Si  concentration  in  tissue  from  plots  treated  in  the  same  year, 
means  are  averaged  across  rate  of  fungicide  for  a given  location  and  are  followed  by 
lower  case  letters.  For  comparisons  of  Si  concentration  in  tissue  from  residual  (1995 
application)  and  fresh  (1996  application)  plots,  means  arc  averaged  across  rate  of 
fungicide  and  are  followed  by  uppercase  letters.  Comparisons  of  any  two  values 
followed  by  the  some  letter  and  case  do  not  differ  significantly  (P=0.05)  os  determined 
by  t-tesls  performed  on  least  squares  means. 


At  both  Santa  Rosa  and  La  Libertad,  Si  content  was  higher  in  both  leaf  and  stem  tissue 
from  plots  treated  with  1000  kg  of  Si  ha'1  in  1996  when  compared  to  unamended  plots; 
the  content  of  Si  was  33%  and  20%  higher  in  leaf  and  stem  tissue,  respectively,  from 
Santa  Rosa,  while  Si  content  increased  by  50%  and  43%,  respectively,  in  leaf  and  stem 
tissue  from  La  Libertad  (PsO.OS)  (Table  4.15), 

Silicon  content  of  leaf  and  stem  tissue  was  higher  in  1996  from  samples  taken 
from  residual  plots  at  both  locations,  as  compared  to  unamended  plots  (PsO.OS)  (Table 
4.15).  At  both  Santa  Rosa  and  La  Libertad,  content  of  Si  in  leaf  tissue  was  greater  in 
samples  collected  from  plots  treated  with  Si  in  1996  than  in  samples  from  residual  plots 
(Ps0.05)  (Table  4.15).  There  was  no  significant  difference  in  the  content  of  Si  in  stem 
tissue  between  plots  amended  with  Si  in  1996  and  residual  plots  at  Santa  Rosa  (P>0.05), 
while  Si  content  in  stem  tissue  was  significantly  higher  for  Si  applied  in  1996  as 
compared  to  that  applied  in  1995  (Table  4.15).  Silicon  content  ofleaftissuc  was  20% 
lower  in  samples  from  residual  plots  as  compared  to  plots  treated  with  Si  in  1996  at  Santa 
Rosa.  At  La  Libertad,  Si  content  in  leaf  and  stem  tissue  dropped  by  33%  in  residual  plots 
as  compared  to  plots  treated  in  1996  with  1000  kg  ha’1  Si. 

Discussion 

The  severity  of  leaf  blast,  in  general,  was  approximately  50%  higher  at  Santa 
Rosa  in  1 995  than  in  1 996.  The  percent  diseased  leaf  area  at  the  final  disease  evaluation 
at  that  site  in  1995  was  41%  in  untreated  control  plots,  and  decreased  to  21%  in  1996. 

The  AUDPC  for  leaf  blast  were  35%  lower  in  1996  than  in  1995  at  Santa  Rosa.  At  La 
Libertad,  final  disease  never  exceeded  1 2%  in  untreated  controls  in  either  year  of  the 
study,  and  the  AUDPC  for  leafblast  was  35%  lower  in  1996  than  in  1995.  Although 
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year-to-year  variation  in  levels  of  inoculum  may  have  been  responsible  for  the  decrease  in 
severity  of  leaf  blast  at  Santa  Rosa  in  1996,  it  is  more  likely  that  a later  planting  date 
contributed  to  the  decline.  Delayed  date  of  planting  is  known  to  reduce  severity  of  leaf 
blast,  and  is  commonly  used  as  a means  of  control  for  the  disease  (15, 110).  Planting  was 
delayed  by  nearly  3 weeks  at  Santa  Rosa  in  1 996  due  to  heavy  rains.  By  the  time  of 
emergence,  the  optimal  period  for  development  of  leaf  blast,  normally  in  May  and  early 
June,  had  passed,  and  the  delay  in  planting  resulted  in  lower  levels  of  disease.  Severity  of 
leaf  blast  is  inherently  higher  at  Santa  Rosa  than  at  La  Libertad,  mainly  because  of  the 
presence  of  the  upland  rice  breeding  nursery  maintained  by  CIAT  and  the  longer  history 
of  rice  cropping  at  that  location  (34).  These  two  factors  serve  to  maintain  a high  level  of 
inoculum  throughout  the  cropping  season.  Also,  the  cultivar  planted  at  La  Libertad  was 
chosen  because  of  its  high  degree  of  susceptibility  to  a race  of  Af.  grisea  thought  to  be 
present  at  high  frequency  at  that  location;  however,  this  proved  to  be  incorrect,  and  levels 
of  leaf  blast  were  lower  Ilian  anticipated.  The  incidence  of  neck  blast  at  Santa  Rosa  was 
higher  in  1996  than  in  1995,  possibly  due  to  late  season  rains  in  1996.  As  with  leaf  blast, 
the  incidence  of  neck  blast  was  very  low  at  La  Libertad  in  both  years  of  the  study. 

Applications  of  Si  and  edifenphos  had  a significant  effect  on  disease  progress 
during  1995  and  1996  at  both  locations  of  the  study.  Efforts  to  control  plant  diseases 
such  as  blast  are  broadly  classified  into  those  which  reduce  initial  disease  (y0)  or  those 
which  slow  the  rate  of  disease  progress  (r)  over  lime  (12,57).  At  Santa  Rosa  and  La 
Libertad,  onset  of  disease  was  observed  to  occur  at  approximately  the  same  time  in  all 
plots.  Moreover,  onset  of  disease  occurred  before  the  first  application  of  edifenphos  in 
both  1995  and  1996,  indicating  that  neither  Si  nor  fungicides  had  any  appreciable  effect 
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on  initial  disease  (y0).  The  daily  rate  of  progress  of  leaf  blast  (rG),  obtained  from 
Gompertz-linearizcd  disease  progress  curves  (13),  was  approximately  20%  lower  in  Si- 
treated  plots  than  in  untreated  plots,  regardless  of  the  rate  of  edifenphos  applied. 

Likewise,  rG  was  reduced  as  the  rate  of  edifenphos  was  increased;  however,  the 
magnitude  of  this  reduction  was  greater  when  edifenphos  was  applied  without  Si  than 
when  applied  with  Si,  It  is  possible  that  the  stronger  effect  of  Si  masks  or  dampens  the 
effect  of  fungicides  when  the  two  are  applied  together.  The  overall  effect  of  edifenphos 
on  rG  at  low  levels  of  blast  severity  (La  Libertad)  was  not  significant.  It  appears  that  the 
effect  of  Si  on  rG  is  greater  than  that  of  edifenphos,  even  at  high  levels  of  severity.  Both 
Si  and  fungicides  tended  to  suppress  disease  progress,  resulting  in  smaller  AUDPC’s  and 
lower  levels  of  final  disease  when  compared  to  untreated  controls. 

Control  practices  that  reduce  r do  so  by  lowering  the  production  of  secondary 
inoculum  of  a given  pathogen  on  the  host  (12).  Fungicides  accomplish  this  by  reducing 
the  efficiency  (the  ability  to  produce  sporulaling  lesions)  of  secondary  inoculum  by 
directly  inhibiting  pathogen  ingress  and  establishment  of  infection  (57).  Thus,  fewer 
propagules  arc  available  to  contribute  to  the  epidemic,  and  the  rate  is  then  reduced.  In  the 
present  study,  the  reduction  in  epidemic  rate  associated  with  applications  of  Si  are 
indicative  of  some  effect  on  the  interaction  between  M,  grtsea  and  the  rice  plant.  Silicon 
is  not  directly  toxic  to  M grisea  (personal  observation,  data  not  shown),  indicating  that 
the  mechanism  by  which  rG  of  leaf  blast  is  reduced  by  Si  may  be  the  enhancement  one  or 
more  components  of  resistance  to  rice  blast.  As  defined  by  Parlevlict  (114),  the 
components  of  resistance  that  reduce  the  epidemic  rate  are  decreased  infection  efficiency 
(number  of  sporulaling  lesions  per  unit  of  inoculum),  increased  latent  period  (time 
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between  arrival  of  inoculum  and  sporulation),  reduced  lesion  size,  and  decreased 
sporulalion  per  lesion.  Silicon,  following  uptake  from  the  soil,  is  deposited  in  epidermal 
cells  and  beneath  the  cuticle  of  the  epidermis  (47,160).  Several  researchers  have 
suggested  that  deposited  Si  acts  to.form  a barrier  to  ingress  by  M.  grisea  (47,71,127,160), 
which  could  potentially  reduce  infection  efficiency.  Volk  et  al.  (149)  hypothesized  that 
Si  forms  complexes  with  organic  molecules  in  epidermal  walls,  and  that  these  compounds 
inhibit  development  of  M.  grisea  within  the  host.  This  too  could  reduce  infection 
efficiency  and  lesion  expansion,  and  thus  total  sporulalion  of  the  pathogen.  Other 
workers  have  suggested  that  Si  acts  in  crops  such  as  cucumber  and  barley  to  stimulate 
host  defense  mechanisms  to  pathogenesis  such  as  the  production  of  phenolics  and 
fungitoxic  enzymes  (24,30, 102).  These  mechanisms,  if  present  in  the  rice  plant,  could 
potentially  affect  one  or  more  of  components  of  resistance  to  blast.  Studies,  both  in  the 
field  and  greonhouso,  on  the  effects  of  Si  on  selected  components  of  resistance  to  M. 
grisea  would  be  useful  to  better  understand  how  Si  acts  to  reduce  rice  blast. 

The  application  of  Si  proved  to  be  an  effective  means  of  controlling  leaf  and  neck 
blast  in  upland  rice  under  conditions  of  low  and  high  severity  of  disease  in  eastern 
Colombia  in  1 995  and  1996.  Si  applied  at  a rate  of  1000  kg  ha  ' significantly  reduced 
leaf  and  neck  blast  as  compared  to  untreated  controls  in  Santa  Rosa  and  La  Libertad, 
confirming  previous  reports  (39,40,42,43,129).  Regardless  of  the  rate  of  fungicide 
utilized,  the  percentage  of  Si  in  leaf  tissue  collected  during  the  leaf  blast  epidemic  and 
stem  tissue  collected  at  harvest  from  Si-treated  plots  was  significantly  higher  than  in 
tissue  from  untreated  plots  in  both  years  and  at  both  locations.  Because  the  level  of 
calcium  was  adjusted  in  untreated  controls  to  that  of  Si-treatcd  plots,  it  can  be  concluded 


that  control  of  blast  in  this  study  was  due  to  the  presence  of  Si  in  plant  tissue.  Datnoff  et 
al.  (42)  analyzed  leaf  samples  from  Si-treated  plots  and  found  no  increase  in  calcium  as 
the  rate  of  calcium  silicate  was  increased,  whereas  the  level  of  Si  in  tissue  did  increase. 

In  general,  the  percentage  of  Si  in  leaf  and  stem  samples  from  untreated  control  plots  at 
La  Libertad  was  lower  than  from  their  counterparts  at  Santa  Rosa.  This  is  a reflection  of 
the  amount  of  plant-available  Si  in  the  soils  at  both  locations.  Santa  Rosa  is  known  to 
have  a slightly  higher  level  of  plant-available  Si  than  La  Libertad.  The  response  of  leaf 
and  stem  tissue  to  fertilization  with  Si  at  Santa  Rosa  was  of  a lesser  magnitude  than  at  the 
highly  Si-deficient  site  at  La  Libertad. 

One  of  the  primary  goals  of  this  study  was  to  determine  if  Si  could  control  leaf 
and  neck  blast  as  well  as  the  recommended  rates  of  two  fungicides  commonly  used  in 
Colombia,  and  if  not,  whether  control  of  blast  could  be  enhanced  by  applying  reduced 
rates  of  those  fungicides  in  conjunction  with  Si.  When  compared  to  the  fungicide 
edifenphos,  applied  at  full  and  reduced  rates,  Si  reduced  the  AUDPC  of  leaf  blast  and  the 
amount  of  final  disease  to  the  same  level  as  the  recommended  rate  of  edifenphos  (1  L ha" 
')  at  Santa  Rosa  in  1995,  and  provided  significantly  better  control  of  leaf  blast  than  the 
fungicide  al  La  Libertad  in  1995  and  1996  and  at  Santa  Rosa  in  1996.  It  is  clear  that  the 
performance  of  Si  against  leaf  blast  diminished  somewhat  at  higher  levels  of  disease; 
however,  efficacy  remained  equal  to  the  full  rate  of  fungicide.  Datnoff  et  al.  (41) 
demonstrated  that  neck  blast  in  Florida  could  be  controlled  as  effectively  with  2,000  kg  of 
Si  ha"1  as  with  benomyl  at  1 .68  kg  ha"'.  In  the  present  study,  1000  kg  of  Si  ha"' 
significantly  reduced  the  incidence  of  neck  blast  as  compared  to  untreated  controls  at 
both  locations  in  1995  and  1996.  However,  only  at  La  Libertad,  in  both  years  of  the 
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study,  did  the  level  of  control  equal  or  surpass  that  of  the  full  rate  of  tricyclazole  (300  g 
ha'1)  applied  without  Si. 

The  addition  of  a 10%  rate  of  tricyclazole  plus  Si  at  1000  kg  ha'1,  however, 
reduced  the  incidence  of  neck  blast  to  the  same  statistical  level  as  the  full  rate  of 
fungicide  at  Santa  Rosa  in  both  1995  and  1996.  Based  upon  these  results,  it  appears  that 
the  application  of  fungicides  to  control  leaf  blast  in  rice  grown  on  Si-deficient  soils  could 
be  eliminated  by  Si  fertilizers,  even  in  areas  with  high  endemic  levels  of  blast.  In  the 
case  of  neck  blast,  high  levels  of  disease  severity  may  require  a higher  rate  of  Si,  or  the 
addition  of  a fungicide  such  as  tricyclazole  at  a reduced  rate.  From  the  field  study 
reported  in  Chapter  2 of  this  dissertation,  it  was  learned  that  fungicides  applied  at  spcci  lie 
timings,  especially  at  booting  and  early  heading,  provided  control  of  blast  as  well  as  full 
spray  schedules  consisting  of  five  applications.  In  that  study,  the  application  of  Si  at  400 
kg  ha'1  proved  to  be  insufficient  for  the  control  of  neck  blast  under  conditions  of  high 
severity  of  disease,  as  compared  to  untreated  controls.  A possible  strategy  for  disease 
control  could  be  based  upon  an  understanding  of  the  Si  level  in  the  soil  for  a given  area 
and  the  history  of  disease  severity.  From  this,  the  ideal  rate  of  Si  for  a particular  area 
could  be  determined  and  integrated  with  reduced  rates  of  fungicide,  applied  at  critical 
timings,  to  manage  blast  more  effectively. 

As  has  been  demonstrated  previously,  depending  upon  the  location,  the 
application  of  Si  to  Si-deficient  soils  increased  yield  20-35%,  as  compared  to  untreated 
control  plots  (40,43,46,136,152).  More  importantly,  at  each  location  in  1995  and  1996, 
yields  from  plots  that  had  been  treated  with  1000  kg  of  Si  ha'1  were  either  statistically 
equal  to  or  greater  than  yields  from  plots  treated  with  recommended  rales  of  edifenphos 


and  tricyclazolc.  Ii  appears  possible  to  eliminate  applications  of  fungicide  entirely,  so 
long  as  an  adequate  amount  of  Si  fertilizer  is  employed  on  Si-deficient  soils.  As  with 
control  of  leaf  and  neck  blast,  it  is  critical  that  larger  quantities  of  Si  be  used  if  levels  of 
disease  severity  are  high.  This  is  illustrated  from  results  obtained  at  Santa  Rosa  in  1994 
(Chapter  2).  The  application  of  only  400  kg  of  Si  ha'1,  which  was  adequate  for  control  of 
blast  and  improvement  of  yields  at  location  with  low  severity  of  disease,  did  not  reduce 
blast  as  compared  to  untreated  controls,  nor  were  yields  increased  under  conditions  of 
high  severity  of  disease.  By  raising  the  rale  of  Si  fertilizer  in  1995  and  1 996  to  1000  kg 
ha*',  disease  control  and  yields  surpassed  untreated  controls  and  fungicides.  The  role  of 
blast  in  the  reduction  of  yield  differed  by  location  in  this  study.  At  Santa  Rosa,  where  the 
severity  of  blast  was  much  greater,  significant  negative  correlations  were  determined 
between  yield  and  severity  of  leaf  and  neck  blast.  Correlation  coefficients  were  roughly 
the  same  for  leaf  blast  and  neck  blast;  therefore,  leaf  blast  and  neck  blast  were  most  likely 
of  equal  importance  as  factors  in  yield  reduction.  Lcarblast  was  the  major  yield-reducing 
form  of  blast  at  La  Libcrtad.  It  is  generally  accepted  that  neck  blast  is  the  more 
destructive  phase  of  rice  blast  (1 10);  however  at  La  Libertad,  no  significant  correlation 
was  found  between  yield  and  neck  blast  in  1995  or  1996.  The  lack  of  correlation  between 
yield  and  neck  blast  is  a function  of  the  overall  low  levels  of  blast  observed  at  La 
Libertad  in  both  years  of  the  study,  and  may  also  indicate  that  the  onset  of  neck  blast 
occurred  too  late  to  affect  grain  fill  significantly. 

ApplicationsofSi  made  in  1995  were  found  to  have  significant  residual  activity 
against  leaf  and  neck  blast  in  1996  at  Santa  Rosa  and  La  Libertad,  confirming  previous 
reports  (43).  At  both  locations,  the  AUDPC  of  leaf  blast  was  significantly  lower  in 


residual  plots  (treated  in  1995  with  Si)  than  in  untreated  plots,  and  did  not  differ 
significantly  from  AUDPC  of  blast  from  plots  treated  with  Si  in  1996.  It  was  necessary 
to  apply  the  full  rateoftricyclazolcto  residual  plots  at  Santa  Rosa,  and  a 10%  rate  at  La 
Libertad,  to  control  neck  blast  as  well  as  fresh  applications  of  Si.  However,  incidence  of 
neck  blast  was  still  significantly  lower  in  residual  plots  than  in  untreated  control  plots  at 
both  locations.  Sufficient  activity  remained  in  residua)  plots  at  Santa  Rosa  and  La 
Libertad  to  raise  yields  significantly  in  comparison  with  controls,  despite  the  better 
performance  of  fresh  applications  of  Si  (those  made  in  1996).  More  importantly,  yields 
from  residual  plots  were  not  significantly  different  than  yields  from  plots  treated  with  the 
full  rates  of  edifenphos  and  tricyclazole.  Although  yields  were  higher,  by  as  much  as 
30%,  where  fresh  applications  of  Si  were  made  titan  in  residual  plots,  the  level  of  Si  in 
soil  a year  following  amendment  with  Si  is  adequate  for  disease  control  and  yield 
enhancement.  This  is  illustrated  by  measurements  of  the  content  of  Si  in  plant  tissue 
collected  during  the  growing  season  and  at  harvest. 

In  all  cases,  Si  content  was  greater  in  leaf  and  stem  tissue  collected  from  plots 
treated  with  Si  in  1996  than  in  tissue  from  residual  plots,  but  the  amount  of  Si  in  tissue 
from  residual  plots  was  always  greater  than  from  samples  collected  from  untreated 
control  plots.  The  residual  activity  of  Si  observed  for  two  soil  types  under  the  cultivation 
of  upland  rice  suggests  that  it  may  be  possible  to  avoid  annual  applications  of  Si 
fertilizer.  The  amount  of  Si  applied  in  this  study,  1000  kg  ha1,  represents  a significant 
input,  both  in  volume  and  cost.  In  the  upland  rice-growing  regions  of  Colombia,  there 
are  no  rcadily-available  sources  of  Si  fertilizer  (Dr.  F.  Cornea,  personal  communication). 
The  application  of  Si  on  a 2-year  (or  longer)  schedule  would  make  the  use  of  this  material 
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more  attractive  to  growers,  not  only  in  Colombia,  but  in  other  regions  where  upland  rice 
is  grown.  Further  research  is  needed  to  determine  the  rate  of  decline  of  Si  in  soils 
following  applications  of  Si,  and  the  concomitant  effects  on  disease  and  yield.  Residual 
activity  of  Si  could  be  supplemented  with  fungicides  (possibly  at  reduced  rates)  or  by 
periodic  additions  of  calcium  silicate,  or  other  sources  of  Si  such  as  crop  residue,  that 
would  allow  the  optimal  level  of  plant-available  Si  to  be  maintained  in  Si-deficient  soils. 


CHAPTER  V 

DISEASES  AND  YIELD  RESPONSE  rN  SUSCEPTIBLE,  PARTIALLY 
RESIST ANT.AND  RESISTANT  RICE  CULTIVARS  FOLLOWING  FERTILIZATION 
WITH  CALCIUM  SILICATE 

Cullivars  of  rice  ( Oryza  saliva  L.)  with  complete  resistance  to  rice  blast,  caused 
by  Magnaporthe  grisea  (Hebert)  Barr  have  been  deployed  successfully  to  manage  this 
disease,  especially  in  areas  where  blast  is  sporadic  or  low  in  severity  (17,15,1 10). 
However,  individual  resistant  cultivars  historically  have  become  susceptible  to  blast 
within  a short  time  after  their  introduction  due  to  the  emergence  of  pathogenic  races  of  Af. 
grisea  that  are  no  longer  affected  by  resistance  genes  in  the  host  (35,1 10).  This  is  a result 
of  inhorent  variability  in  populations  of  Af.  grisea,  or  of  a failure  to  select  and  advance 
breeding  lines  in  the  presence  of  populations  of  Af  grisea  that  are  representative  of  those 
encountered  in  commercial  fields  (34,36,123). 

Complete  resistance,  called  vertical  resistance  by  van  der  Plank  (147),  is  typically 
controlled  by  single  major  resistance  genes  in  the  host  plant  and  is  specific  to  individual 
races  of  a pathogen  (94,95).  As  such,  this  type  of  resistance  is  likely  to  be  rendered 
ineffective  by  the  appearance  of  races  of  the  pathogen  that  do  not  possess  corresponding 
genes  for  avirulence  (1 14,1 19,147).  Cultivars  that  are  partially  resistant  to  blast  have  also 
been  utilized  to  control  blast  in  irrigated  lowland  rice  in  tropical  regions,  but  have 
performed  poorly  in  areas  with  greater  blast  severity,  such  as  irrigated  lowland  rice  in 
temperate  regions  and  upland  rice  systems  (16,17). 


Partial  resistance  is  controlled  by  multiple  genes,  called  minor  genes  or 
quantitative  trait  loci,  and  tends  to  be  effective  against  multiple  races  of  a pathogen 
(1 8,1 7,114,119).  Thus,  partially  resistant  cultivars  tend  to  have  more  ‘durable' 
resistance;  however,  partial  resistance  may  be  environmentally  sensitive  and  partially 
resistant  cultivars  that  perform  well  in  one  climate  may  be  more  susceptible  in  another 
climate  (16,17).  Under  conditions  that  arc  highly  conducive  to  the  development  of  rice 
blast,  additional  disease  control  strategies,  such  as  cultural  practices  or  fungicides,  are 
needed  (1 7,36).  Recently  a durably  resistant  rice  cultivar,  Oryzica  Llanos  5,  has  been 
identified  that  possesses  multiple  major  genes  for  resistance  to  blast,  as  well  as  genes  for 
partial  resistance.  This  cultivar  had  been  selected  in  areas  with  a diverse  population  of 
races  of  A/,  grisea  and  is  still  highly  resistant  to  blast  nearly  10  years  alter  its  introduction 
(36). 

Upland  rice  is  grown  in  Asia,  Africa,  and  Latin  America  on  nearly  19  million 
hectares,  making  up  1 2%  of  the  total  rice  grown  worldwide  (99).  However,  it  is  the 
dominant  type  of  rice  culture  in  portions  of  Africa  and  Latin  America.  Rice  blast  is 
particularly  severe  on  rice  grown  in  upland  ecosystems,  due  to  increased  susceptibility  to 
blast  by  plants  grown  under  non-flooded  conditions  (13,1 10).  In  the  upland  ecosystem, 
rice  blast  is  controlled  primarily  through  the  planting  of  resistant  cultivars  and  cultural 
practices,  such  as  the  avoidance  of  excessive  N fertilizers  and  planting  early  in  the  season 
(15,45,145).  Fungicides  are  also  employed  for  the  control  of  rice  blast,  but  due  to  their 
relatively  high  cost  they  are  practical  only  in  more  industrialized  areas  such  as  Brazil 


Soils  used  for  the  cultivation  of  upland  rice,  typically  Oxisols  and  Ultisols,  tend  to 
be  highly  weathered,  acidic,  and  nutrient-poor  due  to  leaching  processes  brought  about  by 
heavy  annual  rainfall  (127,158).  Among  the  elements  deficient  in  these  soils  is  silicon 
(Si),  which  has  been  shown  to  be  essential  for  maximum  growth  and  yield  of  a number  of 
plant  species  including  O.  saliva  (47,50).  Silicon  has  been  reported  to  reduce  shattering 
of  seeds  in  rice  and  increase  the  number  of  tillers,  panicles  per  area  harvested  and  filled 
grains  (as  well  as  increase  filled  grain  weight)  (47,136).  Silicon  is  also  known  to 
alleviate  mineral  toxicities,  such  as  those  caused  by  Al  and  Mn,  and  reduce  the  severity  of 
important  diseases  of  rice  such  as  blast;  brown  spot,  caused  by  Cocliliobolus  miyabeams 
(Ilo  & Kuribayashi  in  Ito)  Drcchs.  ex  Dastur;  sheath  blight,  caused  by  Thanatephorus 
cucumeris  (Frank)  Donk;  stem  rot,  caused  by  Magnaporllie  salvinti  CatL;  and  leaf  scald, 
caused  by  Monograpliella  albescens  Thcum.  (43,42,47,50,1 10,136).  Increased  levels  of 
Si  in  the  rice  plant  are  associated  with  decreased  levels  of  grain  discoloration  at  harvest  as 
well  (127,129,152)  The  agronomic  benefits  of  fertilization  with  Si  are  thought  to  stem 
from  increased  water  use  efficiency,  lowered  rates  of  transpiration,  greater  efficiency  in 
light  use,  enhanced  uptake  of  phosphorus,  and  increased  plant  strength  (47,50,127,136). 
The  role  of  Si  in  reducing  plant  diseases  is  not  clearly  understood.  In  the  case  office 
blast.  Si  may  act  to  block  penetration  by  M.  grisea  through  synthesis  in  the  host  of 
organic-Si  complexes  or  formation  of  a physical  barrier  of  hydrated  silica  beneath  the 
cuticle  of  tile  epidermis  (47,149,160).  Silicon  may  play  a role  in  pathogenesis-induced 
host  defenses  as  well.  Studies  on  the  Blwneria  gram  inis  and  barley,  Pythiam  ultimum 
and  cucumber,  and  Sphaeroilieca  futginea  and  cucumber  pathosystems  are  evidence  that 
silicated  plants  respond  with  the  mobilization  of  Si-bascd  compounds  and  other  plant 
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defense  chemicals,  such  as  lignins,  phcnolics,  peroxidases,  and  chilinascs  at  the  sites  of 
invasion  by  fungal  pathogens  (24,30,28), 

Differential  accumulation  of  Si  has  been  documented  among  rice  cultivars  grown 
under  flooded  and  upland  conditions  (46,152).  Winslow  (152)  found  significant 
differences  in  yield,  incidence  of  neck  blast  and  leaf  scald,  and  grain  discoloration  among 
eight  genotypes  of  rice  fertilized  with  Si  in  two  upland  rice  fields  in  western  Africa,  but 
could  not  find  differences  in  these  variables  between  genotypes. 

The  purpose  of  this  study  was  to  investigate  the  role  of  Si  in  enhancing  host 
resistance  to  disease  by  evaluating  the  response  of  resistant,  partially  resistant,  and 
susceptible  cultivars  of  rice,  grown  under  upland  conditions  in  eastern  Colombia,  to  rice 
blast  and  leaf  scald  following  the  addition  of  Si  at  three  rates.  Additionally,  partially 
resistant  and  susceptible  cultivars  were  evaluated  to  determine  if  fertilization  with  Si 
could  increase  resistance  to  leaf  and  neck  blast  to  levels  comparable  to  blast-resistance 
cultivars,  and  to  improve  yield  and  milling  quality,  The  effects  of  fertilization  with  Si 
were  also  evaluated  on  components  of  yield  and  grain  discoloration. 

Materials  and  Methods 

Location.  Experiments  were  conducted  in  1996  at  two  locations  situated 
approximately  30  km  east  of  Villavicencio,  Colombia.  The  first  location  was  the  Santa 
Rosa  research  station,  maintained  by  the  Centro  Intcmacional  de  Agriculture  Tropical 
(CIAT)  as  a rice  breeding  nursery.  The  soil  type  was  an  Inccptiso!  with  the  following 
characteristics:  pH  4.7,  cation  exchange  capacity  (CEC)  3.1 1 , 1 8.3%  Al  saturation,  and 
approximately  4 ppm  plant-available  Si.  The  second  site  was  located  approximately  3 
km  cast  of  Santa  Rosa  al  the  Instiluto  Colombiano  Agropecuario’s  (ICA)  La  Libertad 
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experiment  station.  The  soil  type  (Oxisol)  at  the  La  Libertad  site  was  representative  of 
upland  conditions  in  the  savannas  of  Colombia.  Soil  pH  was  4.7  and  less  than  1 ppm 


saturation  was  79%. 

Experimental  design  and  layout.  The  experimental  designs  at  both  locations 
were  split-plots  with  five  replications.  Whole  plots  were  Si  rate,  expressed  as  the  rate  of 
wollastonitc  applied  per  plot  in  metric  tons  (T)  per  hectare,  and  sub-plots  were  rioe 
cultivars.  Wollastonite  was  applied  5 days  before  planting  at  0, 2.5,  and  5 T ha*1, 
corresponding  to  0, 500,  and  1000  kg  pf  elemental  Si  ha*'.  The  rice  cultivars  Oryzica 
Llanos  5 (blast-resistant),  Linea  2 (partially  blast-resistant),  and  Oryzica  1 (blast- 
susceptible)  were  planted  at  Santa  Rosa,  while  Oryzica  Sabana  10  (blast-resistant),  Linea 
2 (partially  blast-resistant),  and  IRAT  146  (blast-susceptible)  were  planted  at  La  Libertad. 
The  cultivars  planted  at  La  Libertad  were  bred  specifically  for  the  savanna  ecosystem, 
and  were  thus  chosen  for  that  location  instead  of  the  cultivars  planted  at  Santa  Rosa. 
Whole  plots  were  5 * 9.36  m,  and  were  subdivided  into  three  5 * 3.12-m  subplots  (12 
rows  per  subplot).  Spacing  between  plots  in  each  block  was  3 m and  spacing  between 
blocks  was  2 m.  A border  consisting  of  four  rows  of  the  susceptible  cultivar  (specific  to 
each  site)  was  planted  around  the  entire  experimental  area,  with  spacing  of  3 m between 
experimental  plots  and  the  border  rows. 

Soil  preparation  and  planting.  Dolomitic  limestone  (CaCO,Mg)  was 
incorporated  into  the  soil  approximately  20  days  prior  to  planting  at  both  locations.  At 
Santa  Rosa,  phosphorus,  potassium,  magnesium  sulfate,  and  borax  were  preplant 
incorporated  at  rates  of 60, 30, 60,  and  0.6  kg  ha*'  respectively.  Phosphorus  ( 100  kg  ha*1), 


The  CEC  was  1 .99  and  the  A1 
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potassium  (45  kg  ha'1),  and  zinc  sulfate  (25  kg  ha'1)  were  incorporated  prior  to  planting 
into  each  plot  at  La  Libcrlad-  Silicon,  in  the  fomt  of  wollastonite  (CaSiO,)  (R.T. 
Vanderbilt,  Norwalk  CT),  was  broadcast  according  to  rate  by  hand  and  incorporated  prior 
to  planting  with  a tractor-mounted  disk.  Agricultural  lime  (CaCOj)  was  applied  to  those 
plots  treated  with  2.5  T of  calcium  silicate  ha'1  and  those  not  treated  with  wollastonite  to 
adjust  the  Ca  level  to  that  of  the  treatment  with  5 T of  calcium  silicate  ha'1  treatment.  All 
rice  cultivars  were  drill-seeded  at  a rate  of  80  kg  ha'1  to  a depth  of  3 cm.  Row  spacing 
was  0.26  m.  Planting  date  at  Santa  Rosa  was  25  May;  however,  the  test  was  destroyed 
due  to  heavy  rains  following  planting  and  had  to  be  re-seeded  on  14  June.  At  La 
Libertad,  plots  were  planted  on  24  May. 

At  both  locations,  nitrogen  was  applied  at  1 7, 30, 50,  and  70  days  after  planting  at 
rates  of  1 7, 10, 27,  and  46  kg  ha'1  respectively.  The  Santa  Rosa  site  received  an 
additional  30  kg  of  potassium  at  30  DAS,  while  45  kg  of  potassium  ha ' and  25  kg  of 
magnesium  sulfate  ha'1  magnesium  sulfate  were  applied  at  30  DAS  at  La  Libertad. 

Propanil  and  bentazonc  were  applied  at  their  recommended  rates  for  control  of 
weeds,  and  the  insecticides  dcltamethrin  and  chlorpyrifos  were  applied  as  needed  for 
insect  control. 

Data  collection  and  analysis.  Prior  to  the  appearance  of  disease,  five  plants  per 
sub-plot  were  lagged  at  the  base  of  the  main  tiller  with  a 2.5  cm  section  of  plastic  tubing 
of  2.5  cm  diameter  that  had  been  coated  with  fluorescent  paint.  At  each  location,  severity 
of  leaf  blast  for  each  cultivar  was  evaluated  at  a single  date  (Table  5.1),  near  maximum 
tillering,  by  visually  estimating  the  percent  diseased  leaf  area  of  each  leaf  of  the  five 
marked  tillers.  Severity  of  leaf  scald  was  evaluated  by  selecting  five  sites  within  each 
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Table  5.1.  Dales  of  cvalualion  of  leaf  blast  and  leaf  scald  for  three  cultivars  of  rice  at 

Santa  Rosa  and  La  Libcrtad,  Colombia  in  1996. 

Date  of  Evaluation 

Santa  Rosa La  Libcrtad 

LcafBlast  8/09/96  7/16/96 

Leaf  Scold 9/30/96 8/12/96 
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subplot  and  randomly  choosing  five  leaves  from  the  middle  portion  of  the  plant  canopy. 
Severity  was  rated  as  the  percent  diseased  leaf  area  of  the  five  selected  leaves.  Leaf  scald 
evaluation  dates  for  each  site  arc  listed  in  Table  5.1.  Severity  of  neck  blast  was  estimated 
on  50  randomly  selected  panicles  per  plot.  Values  for  overall  severity  of  neck  blast  were 
calculated  by  the  following  formula  (74): 

severity=[(IO  xN,)  + (20  x N,)  + (40  x Nj)  + (70  X N,)  + (100  x N,)]/50  panicles 

The  numbers  N,  - N,  represent  the  number  of  panicles  with  scores  of  1, 3, 5, 7,  or  9 
scored  at  each  rating  using  a 0-9  scale.  These  values  were  then  multiplied  by  a weighting 
factor.  The  scale,  developed  by  the  International  Rice  Research  Institute  is  as  follows: 
0=no  symptoms;  l=lesions  on  pedicels  and  branches;  3=lcsions  on  branches  and  panicle 
axis;  5=lesions  partially  surrounding  base  of  panicle;  7=lesions  completely  surrounding 
base  of  panicle,  with  greater  than  30%  of  grains  filled;  and  9=lesions  completely 
surrounding  base  of  panicle,  with  fewer  than  30%  of  grains  filled  (74).  Incidence  was 
determined  from  the  same  50  panicles  and  was  scored  as  the  number  of  panicles  with 
symptom  types  5-9  (74).  Neck  blast  was  evaluated  at  growth  stage  9,  or  the  mature  grain 
stage  (74).  Evaluation  dates  for  neck  blast  varied  according  to  cultivar  (Table  5.2). 

Sub-plots  were  harvested  by  hand  on  1 8 September  at  La  Libertad,  and  on  22 
October  at  Santa  Rosa.  A3*  2-m  section  was  marked  in  each  subplot  using  a wire 
frame,  and  only  those  tillers  within  the  frame  were  cut.  A 1 * 1 -m  frame  was  placed 
within  the  3*2m  framed  area  and  all  tillers  in  the  1 -in1  area  were  cut  prior  to  harvesting 
the  larger  area.  Yields  of  rough  rice  (kg  ha'1)  were  determined  from  grain  harvested  in 
the  6-m!  portion  of  each  sub-plot  and  were  adjusted  to  reflect  a 12%  moisture  content. 
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Date  of  Evaluation 


Type 


Oryzica  Llanos  5 resistant 

Linca  2 partially  resistant 

Oryzica  1 susceptible 

Oryzica  Sabana  10  resistant 

Linea  2 partially  resistant 

1RAT 143  susceptible 


10/19/96 

10/16/96 

10/16/96 


9/16/96 

9/07/96 

9/16/96 
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Material  harvested  from  the  1-m1  area  was  used  to  determine  the  number  of  paniclcs/m2, 
number  and  weight  of  grains  per  25  panicles,  and  thousand-grain  weights.  Grain 
discoloration  was  estimated  using  the  0-6  pictorial  scale,  where  0=grains  with  no 
discoloration  and  6=grains  completely  discolored  (74). 

Milling  quality  of  rough  rice  was  determined  by  placing  a 125-g  sample  from 
each  sub-plot  in  a de-huller  (H.T.  McGill  and  Co.,  Houston  TX).  Brown  rice  yields  were 
calculated,  followed  by  further  milling  to  remove  the  bran  layer  from  grains.  Yields  of 
white  rice  were  determined,  after  which  samples  were  sorted  using  a Carter-Day  Model 
XT-3  dockage  tester  (Carter-Day  Inc.,  Minneapolis  MN).  Samples  were  divided  into  two 
classes,  whole  and  broken,  and  the  percentage  of  grains  falling  into  each  class  was 
calculated  by  dividing  the  weight  of  grains  in  a given  class  by  the  sample  size.  All 
sample  weights  were  adjusted  to  12%  moisture  content. 

Leaf  tissue  samples  were  collected  at  the  time  of  evaluation  for  leaf  blast  severity 
at  both  locations  to  determine  Si  concentration  of  plants  in  unamended  and  Si-amended 
plots.  Additionally,  roughly  500  g of  stem  tissue  were  collected  and  dried  at  harvest 
time.  Dried  tissue  was  ground  to  pass  through  a 40-mesh  screen  using  a Thomas-Wiley 
mill  (Thomas  Scientific,  Swedesboro,  NJ),  Silicon  content  of  tissue  samples  was 
determined  by  first  digesting  0.1  g of  dried  tissue  as  described  by  Elliot  and  Snyder  (48), 
followed  by  automated  colorimetric  analysis.  Results  obtained  from  automated 
colorimetric  analysis,  expressed  in  absorbance  units  (mV),  were  converted  to  percentages 
reflecting  decagrams  (dag)  ofSi  per  kg  of  plant  tissue. 
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All  data  collected  were  analyzed  by  analysis  of  variance  (ANOVA),  correlation, 
and  regression  procedures  where  appropriate  with  SAS  version  6.12  (SAS  Institute,  Cary 
NC). 

Leaf  blast.  The  interaction  between  rate  of  Si  (whole  plot)  and  rice  cultivar  (sub 
plot)  was  significant  at  both  Santa  Rosa  and  La  Libertad,  requiring  the  analysis  of  each 
main  effect  at  fixed  levels  of  the  remaining  effect  (P=0.05)  (Fig.  5.1).  Overall  severity  of 
leaf  blast  was  greater  at  Santa  Rosa  than  at  La  Libertad  (Fig,  5,1).  At  Santa  Rosa, 

Oryzica  Llanos  5 (blast-resistant),  Linea  2 (partially  blast-resistant),  and  Oryzica  1 (blast- 
susceptible)  all  differed  significantly  from  each  other  in  level  of  leaf  blast  severity  where 
no  Si  was  applied  (PsO.05).  Oryzica  Llanos  5 had  less  than  1%  diseased  leaf  area,  while 
Linea  2 and  Oryzica  1 had  1.8%  and  5.9%  diseased  leaf  area,  respectively  (Fig  5.1a).  At 
both  500  and  1000  kg  of  Si  ha'1,  Oryzica  Llanos  5 and  Linea  2 did  not  differ  significantly 
in  percent  diseased  leaf  area  (P>0.05);  whereas,  at  3%  and  1 .6%  DLA,  Otyzica  1 showed 
higher  severity  ofleaf  blast  than  the  other  two  cultivars  (Ps0.05)  (Fig.  5.1a).  The 
application  of  Si  at  500  and  1000  kg  ha'1  significantly  reduced  severity  of  leaf  blast  on 
Linea  2 and  Oryzica  1 ; however,  no  significant  reduction  was  seen  in  disease  severity, 
regardless  of  rate,  for  the  blast-resistant  cultivar  Oiyzica  Llanos  5 (Fig.  5.1a).  For  both 
Linea  2 and  Oryzica  1 , the  relationship  between  rate  of  Si  and  disease  severity  was 
significant  (Ps0.05)and  linear,  with  severity  of  disease  decreasing  as  rate  of  Si  increased. 
Severity  of  leaf  blast  was  50  and  73%  lower  at  the  highest  rate  of  Si  than  where  no  Si  had 
been  applied  for  both  Linea  2 and  Oiyzica  I,  respectively  (Fig.  5.1a). 
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To  determine  if  the  application  of  Si  to  blast-susceptible  cultivars  could  raise  the 
level  of  resistance  to  that  of  partially  resistant  or  resistant  cultivars,  means  of  selected 
cultivar-Si  combinations  were  compared  by  single  degree  of  freedom  contrasts  (Fig.  5.1a, 
Table  5.3).  The  combination  of  Oiyzica  I plus  either  500  or  1000  kg  ofSi  ha"1  did  not 
reduce  the  severity  of  leaf  blast  to  the  same  statistical  level  as  that  for  the  resistant 
cultivar,  Oryzica  Llanos  5 (Ps0.05);  however,  the  severity  of  leaf  blast  did  not  differ 
significantly  between  the  combination  of  Oryzica  I plus  1 000  kg  of  Si  ha''  and  the 
partially  resistant  Linca  2 without  Si  (P>0.05)  (Fig.  5,  la.  Table  5.3).  No  significant 
differences  in  severity  of  leaf  blast  were  observed  between  Oryzica  Llanos  5 without  Si 
and  Linea  2 plus  500  or  1000  kg  of  Si  ha'1  (P>0.05)  (Fig.  5.1a,  Table  5.3). 

At  La  Libertad,  highest  leaf  blast  severity  was  observed  for  IRAT 143  (blast- 
susceptible)  and  Linea  2 (partially  blast-resistant)  at  the  0 kg  ha'1  rate  of  Si  (Fig.  5.1b). 
Where  Si  was  not  applied,  the  severity  of  blast  was  not  significantly  different  between 
IRAT  143  and  Linea  2 (P>0.05).  Oryzica  Sabana  10  (blast-resistant)  had  significantly 
lower  leafblast  severity  than  either  IRAT  143  or  Linca  2 (Fig.  5.1b)  without  Si  (Fig. 

5.  lb)  (Ps0.05),  At  1000  kg  of  Si  ha'1,  the  severity  of  leafblast  did  not  differ  significantly 
among  the  three  cultivars  (Fig.  5.1b).  Oryzica  Sabana  10  and  IRAT  143  did  not  differ  in 
leafblast  severity  at  1000  kg  of  Si  ha'1.  Rate  of  Si  significantly  influenced  severity  of 
leafblast  for  each  cultivar  at  La  Libertad  (Fig.  5,1b).  A linear  decrease  in  blast  severity 
of  92%  was  noted  for  Oryzica  Sabana  1 0 when  the  rate  of  Si  was  increased  from  0 to 
1000  kg  ha*1  (PsO.05)  (Fig.  5.1b).  The  relationship  between  the  rate  of  Si  and  severity  of 
blast  was  found  to  be  quadratic  for  Linca  2 and  IRAT  143,  and  for  both  cultivars,  blast 
severity  decreased  by  83-93%  as  Si  rate  increased  (Ps0.05)  (Fig.  5.1b). 


Table  5 J.  Effects  of  Si  fertilizer  on  leaf  blast  severity  on  three  cultivars  of  rice  at  Santa 
Rosa  and  La  Libertad,  Colombia  (1996).  Comparisons  represent  single  degree  of 
freedom  contrasts  between  mean  values  of  percent  leaf  area  with  disease  for  selected  Si- 

cultivar  combinations  from  Figs.  5, 1-5.2. 

Location  and  Leatblast 

contrast  (Cultivar  and  Si  rate)  F value  Pr  > F 

Oryzica  I (500)  vs.  O.  Llanos  5'  (0 y 
Oryzica  I (1000)  vs.  O.  Llanos  5 (0) 

Oryzica  I (500)  vs.  Linea  2 (0) 

Oryzica  I (1000 kg)  vs.  Linca2  (0) 

Linea  2 (500)  vs.  O.  Llanos  5 (0) 

Linea  2 (1000)  vs.  O.  Llanos  5 (0  T) 

La  Libertad 

IRAT  143  (500)  vs.  O.  Sabana  10'  (0) 

IRAT  143  (1000)  vs.  O.  Sabana  10  (0) 

IRAT  143  (500)  vs.  Linea  2 (0) 

IRAT  143  (1000)  vs.  Linea  2 (0) 

Linea  2 (500)  vs.  O.  Sabana  10  (0) 

Linea  2 (1000)  vs.  O.  Sabana  10  (0) 

‘O.  Llanos  5-Oryzica  Llanos  5 

'Numbers  in  parentheses  are  rates  of  Si  in  kg  ha* *1. 

*0.  Sabana  10*Oryzica  Sabana  10 


At  La  Libertad,  Si  applied  at  500  and  1000  kg  ha'1  reduced  the  severity  of  leaf 
blast  on  the  blast-susceptible  cultivar  1RAT  143  and  the  partially  blast-resistant  cultivar 
Linca  2 to  the  same  statistical  level  as  Oryzica  Sabana  10  without  Si  (PsO.OS)  (Fig.  S.lb, 
Table  5.3).  Severity  of  Icafblast  was  lower  for  IRAT  143  plus  500  and  1000  kg  of  Si  ha'1 
os  compared  to  Linea  2 without  Si  (0  kg  ha'1)  (Fig.  5.1b,  Table  5.3). 

Leaf  scald.  At  both  locations,  no  signilicant  interaction  was  present  between 
whole  plot  and  subplot  effects  (PSO.OS)  (Fig,  5.2a).  At  Santa  Rosa,  severity  of  leaf  scald 
was  generally  greater  than  at  La  Libertad,  and  was  not  significantly  different  among 
cultivars  (P>0.05)  (Fig.  5.2a);  however,  a significant  linear  relationship  was  found 
between  the  rate  of  Si  and  the  severity  of  scald  (PsO.OS)  (Fig.  5.2a).  For  all  cultivars,  an 
increase  in  the  rate  of  Si  (from  0 to  1000  kg  ha')  resulted  in  a 40%  decrease  in  the 
severity  of  leaf  scald. 

Leaf  scald  was  greater  at  La  Libertad  on  Oryzica  Sabana  10  when  compared  to 
Linea  2 and  IRAT  143  forOkgofSiha"'  and  500  kg  of  Si  ha',  respectively  (Ps0.05).  At 
the  1000  kg  ha'1  rate  of  Si,  the  severity  of  leaf  scald  was  greater  on  Oryzica  Sabana  10 
than  on  Linea  2 or  IRAT  143  (Fig.  5.2b).  The  severity  of  leaf  scald,  averaged  across  all 
cultivars,  decreased  linearly  by  42%  as  the  rale  of  Si  increased  from  0 to  1 000  kg  ha'1 
(PsO.OS)  (Fig,  5.2b). 

Neck  blast.  The  interaction  between  whole  plot  and  subplot  was  significant 
(Ps0.05);  therefore,  means  for  each  effect  (rate  of  Si  and  cultivar)  are  reported  at  fixed 
levels  of  alternative  effect.  Levels  of  both  incidence  and  severity  of  neck  blast  were 
higher  at  the  Santa  Rosa  site  than  at  La  Libertad  (Figs.  5.3-5.4).  At  Santa  Rosa,  for  each 
rate  of  Si,  neck  blast  incidence  and  severity  were  significantly  different  between  cultivars 
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relationship  between  the  severity  of  leaf  scald  of  rice  and  Si  applied  at  0, 500,  and 
ir  three  eultivars  planted  at  A)  Santa  Rosa  and  B)  La  Libcrtad,  Colombia  in  1996. 
presents  values  (n=5)  of  percent  diseased  leaf  area  for  each  cultivar.  Vertical  bars 
least  significant  difference  (P-0.05)  for  comparison  of  means  at  a given  rate  of  Si. 
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Figure  5.3.  Relationship  between  the  A)  incidence  and  B)  severity  of  neck  blast  of  rice  and  Si 
^k'tyf^'cOh*™!^ ^ oHMidence or*"'^ *' 
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severity  for  cachcullivar.  Vertical  tars  represent  values  ofleast  significant  difference  (P=0.0S) 
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Oryzica  Llanos  5,  Linea  2,  and  Oryzica  1 (PsO.05)  (Fig  5.3).  Levels  of  neck  blast 
incidence  and  severity  observed  corresponded  to  each  cultivar's  level  of  resistance 
loinfection  by  Af.  grisea.  Severity  of  neck  blast  was  20-30%  lower  than  incidence  of 
disease  on  Linea  2 and  Oryzica  1 (Fig.  5.3).  Silicon  rate  had  a significant  effect  on 
incidence  and  severity  of  neck  blast  for  Linea  2 and  Oryzica  I (Ps0.05)  (Fig.  5.3). 
Incidence  and  severity  remained  between  2-3%  for  Oryzica  Llanos  5 and  did  not  change 
as  the  rale  of  Si  increased.  For  Linea  2 and  Oryzica  I , both  severity  and  incidence  of 
neck  blast  decreased  37  and  28%,  respectively,  os  the  rate  of  Si  increased  from  0 to  1000 
kg  ha'1  (Fig.  5.3). 

At  Santa  Rosa,  the  addition  of  Si  at  500  and  1 000  kg  ha'1  did  not  raise  resistance 
to  neck  blast  for  either  Linea  2 or  Oryzica  1 to  levels  equivalent  to  the  resistance 
expressed  by  the  blast  resistant  cultivar  Oryzica  Llanos  5 without  Si  (Fig.  5.3,  Table  5.4). 
Linea  2 and  Oryzica  1 had  significantly  higher  neck  blast  severity  and  incidence  at  500 
and  1000  kg  of  Si  ha'1  as  compared  to  the  blast-resistant  control  (PsO.OS);  however,  the 
addition  of  1000  kg  of  Si  ha'1  reduced  incidence  and  severity  of  neck  blast  on  Oryzica  1 
as  effectively  as  the  partially  blast-resistant  Linea  2 without  Si  (Fig.  5.3,  Table  5.4). 

At  La  Libcrtad,  there  were  no  significant  differences  in  incidence  of  neck  blast 
between  Oryzica  Sabana  10,  Linea  2,  and  1RAT  143  at  all  rates  of  Si,  although 
numerically,  incidence  on  each  cultivar  reflected  the  level  of  host  resistance  of  each 
cultivar  (P>0.05)  (Fig.  5.4).  Partially  resistant  and  susceptible  cultivars  had  less  disease 
severity  than  the  resistant  cultivar  at  increased  rates  ofSi.  At  the  0 kg  ha'1  rate  of  Si,  no 
differences  in  neck  blast  severity  were  noted  between  any  cultivar  (P>0.05);  however,  at 
500  and  1000  kg  ha'1,  the  partially  blast-resistant  cultivar  Linea  2 had  60-110%  lower 
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Table  5.4.  Effecls  of  Si  on  incidence  and  severity  of  neck  blast  on  three  cultivars  of  rice 
at  Santa  Rosa  and  La  Libertad.  Comparisons  represent  single  degree  of  freedom  contrasts 
between  mean  percent  values  of  incidence  or  severity  of  neck  blast  for  selected  Si- 
cultivar  combinations  from  Figs.  5.3-S.4 . 


contrast  (Cultivar  and  Si  rate)  Incidence 


Santa  Rosa  F value 

Oryzica  I (500)  vs.  O.  Llanos  5'  (Of  195.1 
Oiyzica  1(1000)  vs.  0.  Llanos  5(0)  121.0 

Oryzica  1 (500)  vs.  Linen  2 (0)  20.2 

Oiyzica  1 (1000)  vs.  Linca2  (0)  2.34 

Linea  2 (500)  vs.  O.  Llanos  5 (0)  63.0 

Linea  2 (1000)  vs.  O.  Llanos  5(0)  34.1 

IRAT 1 43  (500)  vs.  O.  Sabana  I O’  (0)  0.48 

IRAT  143  (1000)  vs.  O.  Sabana  10(0)  1.46 

IRAT  143  (500)  vs.  Linea  2(0)  3.61 

IRAT  143  (1000)  vs.  Linea  2 (0)  5.85 

Linea  2 (500)  vs.  O.Sabana  10  (0)  1.91 

Linea2  (1000)  vs.  O.  Sabana  10(0)  3.61 

*0.  Llanos  5=Oryzica  Llanos  5 


0.07 

0.02 

0.17 

0.07 


Severity 

F value  Pr>F 

207.1  0.0001 

I3I.S  0.0001 

24.0  0.0001 

3.92  0.06 

62.3  0.0001 

30.8  0.0001 

8.22  0.01 

14.7  0.0006 

0.24  0.63 

2.10  0.16 

27.2  0.0001 

35.0  0.0001 


’Numbers  in  parentheses  are  rates  of  Si  in  kg  ha1. 
'O.  Sabana  10=Oryzica  Sabana  10 
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severity  ratings  than  Oiyzica  Sabana  lOorIRAT  143  (Fig.  5.4b).  Severity  of  neck  blast 
was  significantly  reduced  by  50%  on  IRAT  143  at  1 000  kg  of  Si  ha*1  as  compared  to 
Oiyzica  Sabana  10  at  the  same  rate  (PsO.05)  (Fig.  5.4b).  No  significant  linear  response 
was  found  to  exist  between  Si  rate  and  either  incidence  or  severity  of  neck  blast  on 
Oryzica  Sabana  10  (P>0.05)  (Fig  5,4).  The  response  by  IRAT  143  and  Linea  2 to 
fertilization  with  Si  was  significant  (Ps0.05)  and  linear.  Incidence  of  neck  blast 
decreased  by  81  and  95%,  respectively,  on  IRAT  143  and  Linea  2 when  the  rate  of  Si 
increased  from  0 to  1000  kg  ha'1  (Fig.  5.4a).  Severity  of  neck  blast  was  reduced  65  and 
92%  on  these  cultivars  at  1000  kg  of  Si  ha'1  as  compared  to  0 kg  ha'1  (Fig.  5.4b). 

Incidence  of  neck  blast  on  IRAT  143  (blast-susceptible)  treated  with  500  and 
1000  kg  of  Si  ha'1  was  reduced  to  levels  not  significantly  different  from  Oryzica  Sabana 
10  without  Si  (P>0.05),  as  determined  by  single  degree  of  freedom  contrasts  (Fig.  5,4, 
Table  5.4).  Linea  2 did  not  differ  significantly  in  incidence  of  neck  blast  at  500  kgofSi 
ha'1  when  compared  to  Oryzica  Sabana  10  without  Si,  and  had  significantly  lower 
incidence  than  Oryzica  Sabana  10  without  Si  when  treated  with  1000  kg  ha'1  (Ps0.07) 
(Fig,  5.4,  Table  5.4).  Neck  blast  severity  was  lower  on  IRAT  143  and  Linea  2 treated 
with  500  and  1000  kg  ha'1  Si  as  compared  to  Oryzica  Sabana  10  without  Si  (Ps0.05)  (Fig. 
5.4,  Table  5.4), 

Yield,  grain  quality,  and  components  of  yield.  Tile  interaction  between  rate  of 
Si  and  cultivar  in  relation  to  grain  yield,  milling  quality,  grain  discoloration,  yield 
components  (number  of  panicles  per  mJ,  number  of  grains  per  25  panicles,  grain  weight 
per  25  panicles,  and  thousand-grain  weight),  and  Si  content  of  rice  tissue  was  not 
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significant  (P>0.05),  which  allowed  the  presentation  of  means  by  main  effect  for  these 
factors  at  both  Santa  Rosa  and  La  Libertad. 

Yields  for  each  cuitivar  planted  at  Santa  Rosa,  by  rate  of  Si,  are  illustrated  in  Fig. 
5-5-  In  general,  yields  of  rough  rice  were  higher  for  those  cultivars  planted  at  Santa  Rosa 
than  for  those  at  La  Libertad.  Oryzica  Llanos  5,  regardless  of  rate  of  Si,  had  higher  yields 
than  Linca  2 (Ps0.05).  At  I0Q0  kg  of  Si  ha'1,  yields  of  Oryzica  1 and  Oryzica  Llanos  5 
did  not  differ  significantly  (P>0.05)  (Fig.  5.5a).  Rough  rice  yields  were,  on  average,  22% 
higher  for  the  blast-resistant  cuitivar  Oryzica  Llanos  5 than  for  the  susceptible  Oryzica  1, 
and  32%  higher  than  those  of  the  partially  blast-resistant  Linca  2 (Fig.  5.5a).  Yield  of 
rough  rice  did  not  differ  significantly  between  Linea  2 and  Oryzica  1 (PXI.05).  For  all 
cultivars  except  Oryzica  1,  the  relationship  between  Si  rate  and  yield  was  significantly 
linear  (PsO.05).  When  the  rate  of  Si  was  increased  from  0 to  1000  kg  ha'1,  yield 
increased  by  20%  for  Otyzica  Llanos  5 and  Linea  2 (Fig.  5.5a). 

At  La  Libertad,  yield  of  rough  rice  was  significantly  influenced  (Ps0.05)  by  both 
Si  rate  and  cuitivar  (Fig.  5.5b).  Linea  2 produced  the  highest  yield,  2859  kg  ha'1  when 
averaged  across  all  rates  orSi,  followed  by  IRAT  143  and  Oryzica  Sabana  10.  The 
relationship  between  Si  rale  and  yield,  for  all  cultivars,  was  significant  (Ps0.05)  and 
linear  (Fig.  5.5b).  Yield  increased  for  all  cultivars  by  42%  when  the  Si  rate  changed  from 
Oto  1000  kg  ha'1. 

Fertilization  with  Si  at  500  and  1000  kg  ha'1  raised  yields  of  Oryzica  1 to  levels 
comparable  to  Oryzica  Llanos  5 (without  Si).  Oryzica  1 , treated  with  500  and  1 000  kg 
ha'1  Si,  did  not  differ  significantly  in  yield  of  rough  rice  as  compared  to  Otyzica  Llanos  5 
without  Si  (P>0.05)  (Fig.  5.5a,  Table  5.5).  Yields  of  Oryzica  1 at  500  and  1000  kg  of  Si 
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Tabic  5.5.  Effects  of  Si  on  yield  of  rough  rice  on  three  cultivars  at  Santa  Rosa  and  La 
Libertad.  Comparisons  represent  single  degree  of  freedom  contrasts  between  mean 
values  of  percent  leaf  area  with  disease  for  selected  Si-cultivar  combinations  from  Fig. 

5.5. 

Location  and  Rough  rice  yield 

contrast  (Cuitivar  and  Si  rate)  F value  Pr>F 

Santa  Rosa 


Oryzico  I (500)  vs.  O.  Llanos  5'  (0)’  1 .35  0.25 

Oryzica  I (1000)  vs.  O.  Llanos  5 (0)  0.06  0.81 

Oiyzica  I (500)  vs.  Linea  2 (0)  2.1 1 0.16 

Oryzica  1 (1000)  vs.  Linea  2 (0)  3.38  0.08 

Linea  2 (500)  vs.  O.  Llanos  5(0)  5.07  0.03 

Linea  2 (1000)  vs.  O.  Llanos  5 (0)  10.1  0.003 

La  Libertad 

O.  Sabana  10  (500)'  vs.  Linea  2 (0)  0.03  0.87 

O.Sabana  10  (1000)  vs.  Linea  2(0)  5.47  0.03 

O.  Sabana  10  (500)  vs.  IRAT  143(0)  16.4  0.0003 

O.Sabana  10  (1000)  vs.  IRAT  143(0)  41.3  0.0001 

IRAT  143  (500)  vs.  Linea  2(0)  1.33  0.26 

IRAT  143  (1000)  vs.  Linea  2 (0)  12.5 0,001 

'O.  Llanos  5=Oryzica  Llanos  5 


'Numbers  in  parentheses  arc  rates  of  Si  in  kg  ha1. 
*0.  Sabana  10=Oryzica  Sabana  10 
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ha'1  were  nol  significantly  different  from  those  of  Linca  2 without  Si  (Ps0.05). 

Regardless  of  the  amount  of  Si  added,  yields  of  Linea  2 were  always  lower  than  those  of 
Oryzica  Llanos  5 without  Si. 

At  La  Libertad,  yields  of  rough  rice  were  greater  for  the  partially  blast-resistant 
cultivar  Linca  2 at  0 and  500  kg  of  Si  ha'1  than  for  the  blast-resistant  Oryzica  Sabana  10 
or  the  blast-susceptible  IRAT  143.  Linea  2,  therefore,  was  used  as  a standard  for 
comparison  to  determine  the  ability  of  Si  to  raise  yields  of  the  remaining  two  cultivars. 
The  addition  of  1000  kg  ha'1  to  Oryzica  Sabana  10  and  IRAT  143  resulted  in  higher 
(PsO.05)  yields  than  Linea  2 without  Si  (Fig.  5.5a,  Table  5.5). 

Milling  quality  of  grain  harvested  from  cultivars  planted  at  Santa  Rosa  was 
superior  to  that  of  grains  from  the  cultivars  planted  at  La  Libertad  (Table  5.6).  At  Santa 
Rosa,  grain  samples  of  Oryzica  Llanos  5,  at  all  rates  of  Si,  had  better  milling  quality  than 
Linca  2 and  Oryzica  I (Ps0.05).  Samples  of  rough  rice  for  Oryzica  Llanos  5 had  a 
greater  percentage  of  whole  grains  (head  rice)  and  a lower  percentage  of  broken  grains 
than  Linea  2 or  Oryzica  I (Table  5.6).  No  significant  differences  in  percentages  of  whole 
or  broken  grain  were  found  between  Linea  2 and  Oryzica  I (P>0.05)  (Table  5.6 ).  For  all 
cultivars,  the  percentage  of  whole  grains  increased  linearly  as  the  rale  of  Si  increased 
(Fig.  5.6a).  At  1000  kg  of  Si  ha'1, 20%  more  head  rice  was  recovered  than  at  0 kg  ha*1. 

The  percentage  of  broken  grains  for  each  cultivar  decreased  linearly  with  increasing  rates 
ofSi  (Fig.  5.6b).  At  1000  kg  ofSi  ha*1,  fcwer(Ps0.05)  broken  grains  were  recovered 
from  Oryzica  Llanos  5,  Linca  2,  and  Oryzica  I as  compared  to  0 kg  of  Si  ha1.  As  the  rale 
ofSi  increased  from  0 to  1000  kg  ha*1,  the  percentage  of  broken  grains  decreased  by  15% 
(Fig.  5,6b). 


At  La  Libcrtad,  milling  quality  was  significantly  different  between  Oryzica 
Sabana  10,  Linea  2,  and  IRAT  143  (Ps0.05)  (Table  5.6).  The  highest  percentage  of  head 
rice,  as  well  as  the  lowest  percentage  of  broken  grains,  was  recovered  from  Linea  2. 
Oryzica  Sabana  10  and  IRAT  143  had  55  and  65%  fewer  whole  grains  as  compared  to 
Linea  2 (Table  5.6).  Oryzica  Sabana  10  and  IRAT  143  had  28  and  35%  more  grains, 
respectively,  in  the  broken  class  than  Linea  2 (Table  5.6).  The  percentage  of  whole 
grains,  for  all  cultivars,  increased  by  19%  when  the  rate  of  Si  increased  from  0 to  1000  kg 
ha'1  (Ps0.05)  (Fig.  5.6a).  No  significant  differences  in  the  percentage  of  broken  grains 
for  Oryzica  Sabana  10,  Linea  2,  or  IRAT  143  were  found  between  theO,  500,  and  1000 
kg  ha'1  rates  of  Si  (Fig.  5.6b). 

Ratings  of  grain  discoloration  from  samples  of  rough  rice  from  Santa  Rosa  and  La 
Libcrtad  are  presented  by  rate  of  Si  and  cultivar  and  as  averages  across  each  effect  (Fig 
5.7a,  Table  5.6).  Grain  discoloration  did  not  differ  significantly  between  cultivars  at 
cither  location  (P>0.05)  (Table  5.6).  The  rate  of  Si  had  a significant  effect  on  grain 
discoloration  at  both  locations  (Ps0.05)  (Fig,  5.7a).  Grain  discoloration,  averaged  across 
all  cultivars,  decreased  linearly  as  the  rate  of  Si  increased  at  Santa  Rosa  and  La  Libcrtad. 
At  1000  kg  of  Si  ha1,  grain  discoloration  was  reduced  by  25%  and  70%  over  the  control 
at  Santa  Rosa  and  La  Libcrtad,  respectively  (Fig,  5.7a). 

Components  of  yield  were  affected  by  rate  of  Si  and  by  cultivar  at  Santa  Rosa 
and  La  Libcrtad.  Regardless  of  the  rate  of  Si,  the  number  of  panicles  per  m1  was  greater 
for  Oryzica  Llanos  5 and  Otyzica  1,  than  for  Linea  2.  at  Santa  Rosa  (PsO.OS)  (Table  5.7). 
The  number  of  filled  grains  per  25  panicles  did  not  differ  significantly  among  the  three 
cultivars  planted  at  Santa  Rosa(P>0.05);  however,  the  weight  of  filled  grains  from 
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Figure  5.7.  Relationship  between  A)  grain  discoloration  and  B)  number  of  panicles  m ! and  Si 
Lte'd^'c' |5°°j,“nd  'i99>6k| Ha°h:r ^IC*  C“l,'V*r* ofric'  planled  01  Sama  RoM  “"4  La 


Tabic  5.7  Yield  components  for  resistant,  partially  resistant,  and  susceptible  cultivars  of 
rice  at  Santa  Rosa  and  La  Libertad,  Colombia  in  1996.  Means  are  averaged  across  rate  of 

Si  for  each  cultivar. 

Location  and  Panicles  Filled  grains  Wt.  grains  1000 

cultivar nT* 25  panicles'1  25  panicles'1  (g)  grain  wt.  (g) 

Oryzica  Llanos  5 30S.7a‘  2327.1  a 66.1a  28.0  a 

Linea2  260.4  b 2219.6  a 62.1  ab  28.0  a 

Otyzica  1 308.8  a 2291.6  a 60.1  b 26.6  b 

La  Libertad 

Oryzica  Sabana  10  238.1  b 243 1 .9  a 60.7  b 24.9  b 

Linea  2 272.9  a 2247.6  b 66.2  a 29.3  a 

IRATI43  , 241.0  b 2591.0  a 63.3  ab 24.0  c 

‘In  each  column,  data  arc  the  means  of  5 replications,  averaged  across  all  Si  rates.  Means 
followed  by  the  same  letter  do  not  differ  significantly  (p=O.05)  by  Fisher's  protected 


Oryzica  Llanos  5 was  significantly  than  that  of  Oryzica  1 . Thousand-grain  weight  was 
lower  for  Oryzica  1 than  for  either  Oryzica  Llanos  5 or  Linea  2 (PsO.05).  Rate  of  Si  did 
not  have  a significant  linear  effect  on  the  number  of  paniclcs/m1  for  all  cultivate  at  Santa 
Rosa  (Fig.  5.7b).  A significant  linear  relationship  occutTed  between  number  of  filled 
grains  per  25  panicles  and  rate  of  Si  (P=0.06)  (Fig  5.S).  The  number  and  weight  of  filled 
grains  per  25  panicles  increased  by  8%  for  all  cultivars  at  1000  kg  of  Si  ha'1  as  compared 
to  0 kg  ha*1.  Thousand-grain  weight  was  not  significantly  different  between  cultivars  for 
any  rate  of  Si  at  Santa  Rosa  (Fig.  5.9). 

At  La  Libertad,  across  all  rates  of  Si,  Linea  2 had  more  panicles  per  m:  than 
Oryzica  Sabana  10  or  IRAT  143  (Ps0.05).  However,  fewer  filled  grains  per  25  panicles 
were  collected  from  Linea  2 than  from  Oryzica  Sabana  10  or  IRAT  143  (Ps0.05)  (Table 
5.7).  A greater  number  of  filled  grains  per  25  panicles  was  observed  for  Linea  2 and  and 
IRAT  143  than  for  Oryzica  Sabana  10.  Thousand-grain  weights  differed  significantly 
between  all  cultivars  at  La  Libertad  (PsO.05)  (Table  5,7).  Highest  values  of  thousand- 
grain  weight  were  recorded  for  Linea  2,  while  those  for  Oryzica  Sabana  10  and  IRAT  143 
were  15%  and  18%  lower,  respectively.  At  La  Libertad,  the  number  of  panicles  perm1, 
number  of  filled  grains  per  25  panicles,  weight  of  filled  grains  per  25  panicles,  and 
thousand-grain  weight  had  significant  linear  relationships  with  the  rale  of  Si  (Ps0.05) 
(Figs  5.7b,  5.8,  and  5.9).  These  components  of  yield  increased  by  18, 19, 25,  and  4%, 
respectively,  as  the  raleof  Si  was  increased  from  0 to  1000  kg  ha'1. 

Silicon  content  of  plant  tissue.  Analysis  of  Si  content  of  leaf  tissue  collected 
after  evaluations  of  leaf  blast  and  of  stem  tissue  collected  before  harvest  showed  that,  at 
both  Santa  Rosa  and  La  Libertad,  there  were  no  significant  differences  in  the  percentage 
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of  Si  among  cullivars  (P>0.05)  (Figs.  5.10-5.11).  There  was  little  difference  in  the 
amount  of  Si  between  leaf  and  stem  tissue  at  Santa  Rosa;  however,  stem  tissue  collected 
at  La  Libcrtad  had  roughly  20%  less  Si  than  leaf  tissue,  at  each  rate  of  Si,  for  all  cultivars 
(Figs.  5.10-5.11).  At  both  locations,  a significant  linear  relationship  was  found  to  exist 
between  Si  rate  and  the  amount  of  Si  present  in  leaf  and  stem  tissue  (Ps0.05)  (Figs.  5.10- 
5. 1 1).  At  Santa  Rosa,  Si  content  of  leaf  and  stem  tissue  increased  by  37%  and  23%, 
respectively,  as  the  rate  of  Si  was  increased  from  0 to  1000  kg  ha'1  (Fig.  5.10).  The 
overall  response  by  tissue  to  Si  fertilization  at  La  Libcrtad  was  of  a greater  magnitude 
than  at  Santa  Rosa.  Silicon  content  of  leaf  and  stem  tissue  increased  by  57%  when  rate  of 
Si  was  increased  from  0 to  1000  kg  ha*’  at  La  Libertad  (Fig.  5.1 1).  The  silicon  content  of 
both  leaf  and  stem  tissue  collected  from  plots  that  received  no  Si  was  19-43%  lower  at  La 
Libertad  than  at  Santa  Rosa  (Figs.  5.10-5.1 1). 

Correlation  analyses.  At  Santa  Rosa,  yield  of  rough  rice  and  the  percentage  of 
whole  grains  were  positively  correlated  with  the  application  of  Si  (Ps0.05),  while  the 
percentage  of  broken  grains  was  negatively  correlated  with  Si  (Table  5.S).  A highly 
significant  positive  correlation  was  found  between  yield  and  Si  at  La  Libertad 
(PsO.0001);  however,  milling  quality  was  not  correlated  with  Si.  At  both  locations,  the 
positive  correlation  between  application  of  Si  and  Si  content  in  leaf  and  stem  tissue  was 
highly  significant  (PsO.0001). 

Correlations  between  leaf  blast,  leaf  scald,  and  neck  blast  and  variables  such  as 
yield  and  Si  content  of  plant  tissue  varied  by  cultivar  at  both  locations  (Tables  5.9  and 
5.10),  For  the  blast-resistant  cultivar  Oryzica  Llanos  5,  the  correlation  between  leaf  blast 
and  yield  was  not  significant  at  Santa  Rosa  (P=0.20);  however,  a significant  negative 
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Table  5.8.  Pearson  correlation  coefficients  for  rate  of  Si  vs.  yield  and  grain  quality  of 


Santa  Rosa 
Prob  > |R| 
n=45 
La  Libertad 
Prob  > |R| 


Pearson  correlation  coefficient 

Milling  quality* Tissue  Si  Content 

Yield’  % Head  rice  % Broken  Leaf Stem 

0.34  0.39  -0.37  0.72  0.76 

0.02  0.008  0.01  0.0001  0.0001 


'Si  applied  at  0,  500,  and  1000  kg  ha'1. 

' Yield  of  rough  rice  (kg  ha1)  from  blast-resistant,  partially  blast-resistant,  and  susceptible 
cultivars  planted  at  Santa  Rosa  and  La  Libertad. 

Percentage  of  grains  Irom  a 125-g  sample,  sorted  into  two  classes,  head  rice  (whole 
grains),  or  broken  grains. 
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Table  5.9.  Pearson  correlalion  coefficients  for  leaf  blast,  leaf  scald,  incidence  and 
severity  of  neck  blast  of  rice  vs.  yield  and  tissue  Si  content,  by  cullivar  al  Sanla  Rosa. 
Cultlvar  and  Yield’  l eaf  SI  r-nnh.nl1  Stem  Si  Content* 

Variable1 corr  Pr>|R|  corr  Pr>|R|  corr  Pr>|R| 

O.  Llanos  5 


Leaf  blast  -0.34 
Leaf  scald  -0.55 
Neck  blast  inc.  0.19 
Neck  blast  sev.  -0.05 


-0.29  0.30 

-0.39  0.15 


Leaf  blast  -0.52 

Leaf  scald  -0.68 

Neck  blast  inc.  -0.05 

Neck  blast  sev.  -0.08 

n-15 


0.05 

0.005 


0.77 


0.02 

0.001 


-0.49 


Leaf  blast 
Leaf scald 
Neck  blast  inc. 
Neck  blast  sev. 


-0.83  0.0001 

-0.81  0.0002 


n=15 

‘Variables  correlated  against  yield  of  rough  rice  and  Si  content  of  tissue.  Leaf 
blast=severity  of  leaf  blast  (%  diseased  leaf  area),  leaf  scald=severity  of  leaf  scald  (% 
diseased  leaf  area),  Neck  blast  inc.  “incidence  of  neck  blast.  Neck  blast  sev.  “severity  of 


’Yicld=yicld  of  rough  rice  (kg  ha'1)  for  each  cullivar. 

■Content  of  Si  in  leaf  tissue  and  content  of  Si  in  stem  tissue.  Foliar  diseases  (leaf  blast, 
leaf  scald)  were  compared  with  content  of  Si  in  leaf  tissue  only.  Neck  blast  incidence  and 
severity  were  compared  with  content  of  Si  in  stem  tissue  only. 
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Table  5,10.  Pearson  correlation  coefficients  for  leaf  blast,  leaf  scald,  incidence  and 
severity  of  neck  blast  of  rice  vs.  yield  and  tissue  Si  content,  by  cuitivar  at  La  Libcrtad. 
Culrivar  and  Held!  Leaf  Si  Content!  Stem  Si  Content' 

Variable1 corr  Pr>|R|  corr  Pr>|R|  corr  Pr>|R| 

O.  Sabana  10 


Leafblast  -0.57 

Leaf  scald  -0.27 

Neck  blast  inc.  0.21 

Neck  blast  scv.  0.04 

n=15 


0.02 

0.31 


Leafblast 
Leaf  scald 
Neck  blast  inc. 
Neck  blast  sev. 


0.0003 


0,02 

0.007 


-0.66  0.00S 

-0.66  0.007 


-0.64  0.005 


1 RAT  143 


Leafblast  -0.69 
Leaf  scald  -0.31 
Neck  blast  inc.  -0.52 
Neck  blast  sev.  -0.70 


-0.62  0.01 


n-15 

‘Variables  correlated  against  yield  of  rough  rice  and  Si  content  of  tissue.  Leaf 
blast=scvcrity  of  leaf  blast  (%  diseased  leaf  area),  leaf  scald=severity  of  leaf  scald  (% 
diseased  leaf  area),  Neck  blast  inc.*nncidcncc  of  neck  blast.  Neck  blast  sev.-severity  of 


!Yield=yicld  of  rough  rice  (kg  ha'1)  for  each  cuitivar. 

'Content  of  Si  in  leaf  tissue  and  content  of  Si  in  stem  tissue.  Foliar  diseases  (leafblast, 
leaf  scald)  were  compared  with  content  of  Si  in  leaf  tissue  only.  Neck  blast  incidence  and 
severity  were  compared  with  content  of  Si  in  stem  tissue  only. 
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correlation  was  found  between  leaf  blast  and  Si  content  of  leaf  tissue  (P=0.0S)  (Table 
5.9).  No  significant  correlations  were  found  between  either  incidence  or  severity  of  neck 
blast  and  cither  yield  or  Si  content  of  stem  tissue  (Table  5.9).  Leaf  scald  significantly 
reduced  yields  at  Santa  Rosa  on  Oryzica  Llanos  5,  as  determined  by  the  negative 
correlation  between  scald  and  yield  and  Si  content  of  leaf  tissue  (PsO.03).  Both  leaf  blast 
and  scald  were  negatively  correlated  with  yield  and  Si  content  of  leaf  tissue  for  the 
partially  blast-resistant  Linea  2 (PsO.05)  (Table  5.9).  Incidence  and  severity  of  neck  blast 
was  not  a major  factor  in  reducing  yields  of  Linea  2,  as  the  correlation  between  the 
incidence  and  severity  of  neck  blast  was  not  correlated  with  yield.  Both  incidence  and 
severity  of  neck  blast  were  negatively  correlated  with  Si  content  of  stem  tissues  (Ps0.07) 
(Table  5.9).  Significant  correlations  were  found  between  leaf  blast  and  leaf  scald  and 
yield  on  Linea  2,  as  well  as  Si  content  of  leaf  tissue.  No  correlations  were  found  between 
leaf  blast  or  leaf  scald  and  yield  on  the  blast-susceptible  Oryzica  1,  but  both  were 
negatively  correlated  with  Si  content  of  leaf  tissue.  Neck  blast  was  negatively  correlated 
with  yield  of  Oryzica  1 , as  was  Si  content  of  stem  tissue. 

At  La  Libcrtad,  yield  of  the  blast-resistant  cultivar  Otyzica  Sabana  10  was  not 
sigm  ficantly  correlated  with  leaf  scald  or  neck  blast  (P>0.44)  (Table  5. 1 0).  Yield  was 
negatively  correlated  with  leaf  blast  on  Otyzica  Sabana  10,  as  well  as  with  Si  content  of 
leaf  tissue  (Table  5.10).  Significant  negative  correlations  were  found  between  yield  and 
leaf  blast,  leaf  scald,  and  neck  blast  for  Linea  2 (partially  blast-resistant)  (Ps0.05).  Leaf 
blast,  leaf  scald,  and  neck  blast  were  influenced  by  Si  content  in  leaf  and  neck  tissue  for 
Linea  2.  Significant  negative  correlations  were  found  between  Si  content  of  plant  tissue 
and  each  disease  (Ps0.05).  Only  leaf  and  neck  blast  were  significantly  correlated  with 
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yield  and  Si  content  in  leaf  and  stem  tissue  for  IRAT  143  (blast-susceptible),  while  leaf 
scald  did  not  influence  either  parameter. 

Discussion 

Severity  of  leaf  blast,  severity  of  leaf  scald,  and  both  incidence  and  severity  of 
neck  blast  in  this  study  were  influenced  by  the  type  of  resistance  (complete,  partial,  or 
complete  susceptibility)  expressed  by  each  cultivar  planted  at  Santa  Rosa  and  La 
Libcrtad,  as  has  been  reported  in  the  literature  (16,17,1 10).  Previous  reports 
(43,46,129,152)  regarding  the  ability  of  Si  to  reduce  diseases,  such  as  leaf  and  neck  blast 
and  leaf  scald,  were  confirmed  by  experiments  reported  herein.  Levels  of  leafblast  were 
considerably  lower  than  for  tests  conducted  previously  at  these  two  sites,  due  in  part  to 
the  later-than-normal  planting  dates.  Because  the  tests  were  initiated  later  in  the  growing 
season,  environmental  conditions,  especially  rainfall,  were  not  optimal  for  development 
of  severe  epidemics  of  leaf  blast  (Dr.  Fernando  Correa,  personal  communication). 

The  application  of  Si  significantly  reduced  the  severity  of  leaf  blast  on  Linca  2 
(partially  blast-resistant)  and  on  Oryzica  1 (susceptible)  at  Santa  Rosa.  There  was  no 
significant  reduction  in  the  severity  of  leaf  blast  attributable  to  the  rate  of  Si  on  the  blast- 
resistant  cultivar  Oryzica  Llanos  5,  most  likely  due  to  the  high  level  of  resistance  to  leaf 
blast  in  the  host  The  severity  of  leafblast  on  this  cultivar  never  reached  levels  higher 
than  0.06%,  making  it  extremely  difficult,  if  not  irrelevant,  to  detect  any  significant 
change  in  disease  that  could  be  linked  to  Si.  A decrease  of  73%  in  severity  of  leaf  blast 
was  noted  for  both  Linca  2 and  Oryzica  1 as  the  rate  of  Si  increased  from  0 to  1000  kg  ha 
however,  the  rate  of  change  in  severity  of  leaf  blast  was  greater  for  Oryzica  I than  for 
Linea2.  Severity  of  leaf  blast  decreased  0.84%  on  Oiyzica  I for  each  100  kg  of  Si 
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applied,  while  ihe  rale  of  decrease  on  Linea  2 was  only  0,27%.  The  inherently  higher 
level  of  leaf  blast  on  Oryzica  I versus  that  observed  on  Linea  2 resulted  in  a larger- 
magniludc  response  to  Si  by  Oryzica  I,  and  is  a reflection  of  the  type  of  resistance  to 
blast  possessed  by  each  cultivar. 

Overall  severity  of  leaf  blast  was  less  at  La  Libertad  than  at  the  Santa  Rosa  site. 
Although  blast-resistant,  Oryzica  Sabana  10  was  more  susceptible  to  M.  g risen  than  the 
Oryzica  Llanos  5,  which  was  planted  at  Santa  Rosa.  Increased  rates  of  Si  provided 
significant  reductions  in  the  severity  of  leaf  blast  on  all  cultivars  planted  at  La  Libertad, 
although  the  greatest  rate  of  decrease  was  observed  for  the  partially  resistant  Linea  2 and 
blast-susceptible  IRAT  143.  The  cultivar  IRAT  143  had  greater  initial  severity,  at  0 kg  of 
Si  ha  ‘,  of  leaf  blast  than  Linea  2,  but  lower  final  severity  values  at  Ihe  1000  kg  ha'1  rate 
ofSi.  Genotypic  differences  between  IRAT  143  and  Linea  2 could  have  resulted  in 
differential  amounts  of  uptake  and  utilization  of  Si  in  each  cultivar  (46,107,152). 

Both  incidence  and  severity  of  neck  blast  on  Oryzica  Llanos  5,  Linea  2,  and 
Oryzica  1 at  Santa  Rosa  reflected  the  response  to  leaf  blast  observed  for  these  cultivars. 
The  application  of  Si  was  effective  in  reducing  Ihe  incidence  and  severity  of  neck  blast  on 
the  partially  blast-resistant  and  blast-susceptible  cultivais  at  each  rate  tested,  and  there 
were  only  minor  differences  in  the  magnitude  of  reduction  of  disease  observed  between 
the  two.  At  Santa  Rosa,  the  severity  of  neck  blast  was  lower  than  incidence  of  neck  blast 
on  Linea  2 and  Oryzica  1 at  each  rate  of  Si,  and  cultivais  with  higher  ratings  of  neck  blast 
incidence  had  higher  severity  of  neck  blast.  Because  incidence  was  calculated  as 
recommended  by  the  International  Rice  Research  Institute  (74)  by  using  only  those 
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panicles  with  severe-type  symptoms  (rating  5-9),  higher  values  of  incidence  translated 
into  higher  values  of  severity  (74). 

At  La  Libcrtad,  the  overall  level  of  incidence  and  severity  of  neck  blast  was  lower 
than  at  Santa  Rosa.  Silicon  applications  at  any  rate  did  not  affect  the  incidence  or 
severity  of  neck  blast  on  the  resistant  Oryzica  Sabana  1 0,  although  this  cultivar  showed 
significantly  higher  levels  of  neck  blast  than  leaf  blast.  Additionally,  the  partially-blast 
resistant  Linea  2 had  a lower  severity  of  leaf  blast  than  Oryzica  Sabana  1 0,  Several 
workers  have  noted  that  high  levels  of  resistance  to  leaf  blast  do  not  always  correspond 
with  high  levels  of  resistance  to  neck  blast,  and  that  these  differences  can  be  attributed  to 
environmental  conditions  at  (lowering  or  possibly  shills  in  the  race  composition  of  the 
pathogen  population  between  the  vegetative  and  reproductive  stages  of  growth 
(16,1 10,124).  Silicon  applied  at  500  and  1000  kg  ha'1  reduced  the  severity  of  neck  blast 
on  Linea  2 and  IRAT  1 43  to  levels  below  those  of  Oryzica  Sabana  1 0 (blast-resistant). 
This  again  could  be  indicative  of  differential  genotypic  responses  to  fertilization  with  Si. 

It  must  be  noted  that  the  race  structure  of  the  population  of  M.  g risen  at  La  Libcrtad  was 
not  as  well  characterized  as  the  population  at  Santa  Rosa,  and  because  or  this,  the  cultivar 
chosen  as  the  blast-resistant  check  might  have  encountered  one  or  more  compatible  races 
of  the  pathogen  (F.  Correa,  personal  communication). 

Researchers  have  shown  previously  that  the  concentration  of  Si  in  rice  tissue 
increases  as  the  rale  of  Si  in  soil  increases  (43,42,46,136,152).  These  results  were 
confirmed  by  the  results  from  this  study.  At  both  Santa  Rosa  and  La  Libertad,  the 
concentration  of  Si  in  both  leaf  and  stem  tissue,  for  all  cultivars,  was  strongly  and 
positively  correlated  with  the  rate  of  Si  applied  to  soil.  The  base  concentration  of  Si  in 
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leaf  and  stem  tissue,  obtained  from  plants  at  each  location  grown  in  the  absence  of  Si, 
was  higher  for  all  cultivars  at  Santa  Rosa  as  compared  to  those  grown  at  La  Libertad. 

The  amount  of  Si  present  in  the  soil  at  Santa  Rosa  was  approximately  4 ppm,  while  at  La 
Libertad  the  concentration  of  Si  was  less  than  <1  ppm.  This  could  account  for  the  overall 
higher  base  concentration  of  Si  in  tissues  collected  at  Santa  Rosa,  and  could  also  explain 
the  greater  response  (in  terms  of  rate  of  increase  of  Si  in  tissue)  to  fertilisation  with  Si 
observed  for  those  cultivars  grown  at  La  Libertad. 

Significant  correlations  between  Si  content  of  leaf  or  stem  tissue  and  disease  were 
found  in  this  study.  Earlier  reports  have  provided  evidence  that  levels  of  blast,  scald,  and 
brown  spot  are  negatively  correlated  with  the  amount  of  Si  fertilizer  applied  to  Si- 
deficient  soils:  however,  only  Volk  et  al.  (149)  correlated  the  concentration  of  Si  in  M. 
gmeo-infccted  leaf  tissue  and  severity  of  disease  (43, 42, 107, 136,1 39, 1 52).  Winslow 
(152)  compared  the  incidence  of  neck  blast  and  severity  of  scald  with  Si  concentration  of 
flag  leaves,  but  did  not  always  find  negative  correlations  with  disease  and  Si 
concentration  of  flag  leaf  tissue.  Because  concentration  of  Si  varies  by  plant  pan  (9 1 ),  it 
is  possible  that  Si  content  of  the  flag  leaf  is  not  representative  of  the  condition  of  other 
diseased  tissues.  In  the  present  study,  for  all  cultivars  at  both  locations,  severity  of  leaf 
blast  was  negatively  correlated  with  the  concentration  of  Si  in  leaf  tissue  collected  at  the 
time  of  disease  evaluation.  The  incidence  and  severity  of  neck  blast  were  negatively 
correlated  with  the  concentration  of  Si  in  stem  tissue  (collected  shortly  after  evaluation  of 
disease)  for  Linea  2 and  Oryzica  1 at  Santa  Rosa,  and  Linea  2 and  IRAT  143  at  La 
Libertad.  Significant  correlations  between  incidence  of  neck  blast  and  Si  concentration 
of  stem  tissue  were  not  found  for  the  blast-resistant  cultivars  planted  at  either  location; 


however,  a negative  correlation  (P=0.09)  between  the  severity  of  neck  blast  and  the  Si 
concentration  in  stem  tissue  was  noted  for  Oryzica  Sabana  1 0 at  La  Li  ben  ad. 

According  to  Correa- Victoria  and  Zciglcr  (34,36),  high  levels  of  resistance  to 
blast  in  cultivars  such  as  Oryzica  Llanos  5 and  Oryzica  Sabana  10  are  due  to  the 
expression  of  major  blast  resistance  genes,  although  cultivars  with  major  genes  for 
resistance  to  rice  blast  arc  known  to  possess  genes  for  partial  resistance.  In  the  case  of 
neck  blast,  in  this  study,  Si  does  not  appear  to  exert  a strong  effect  on  the  expression  of 
resistance  by  the  two  blast-resistant  cultivars.  Based  upon  the  large  reductions  of  leaf  and 
neck  blast  that  can  be  directly  linked  to  fertilization  with  Si  on  partially  blast-resistant 
and  blast-susceptible  cultivars,  it  is  likely  that  Si  affects  one  or  more  components  of 
partial  resistance  as  defined  by  Parlevliet  (114).  Partial  resistance,  which  corresponds  to 
van  der  Plank's  'horizontal'  resistance  (147),  results  in  a reduced  epidemic  rate  (r)  and 
levels  of  disease  that  fall  in  between  those  for  completely  resistant  and  susceptible 
cultivars.  The  overall  effect  of  this  type  of  resistance  is  to  reduce  spore  production  of  the 
pathogen,  which  in  turn  reduces  r.  The  overall  amount  of  spore  production  can  be 
affected  by  such  components  as  infection  frequency,  latent  period,  and  sporulation  per 
lesion  (97,1 14,124)  The  partially  blast-resistant  cultivars  examined  in  this  study  showed 
levels  of  resistance  to  leaf  and  neck  blast  that  were  intermediate  in  comparison  to  blast- 
resistant  and  blast-susceptible  cultivars,  and  the  levels  of  disease  were  pushed  downward 
as  Si  rale  was  increased.  It  is  plausible  that  Si  could  affect  some  component  of  complete, 
or  vertical,  resistance,  which  is  known  to  affect  the  onset  of  disease  (y„),  as  well  as  the 
epidemic  rate  ( 1 1 4).  In  the  present  study,  however,  disease  onset  was  observed  to  occur 
at  nearly  the  same  time  for  all  cultivars  (data  not  shown).  While  effects  on  initial 
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infection  frequency,  which  act  to  reduce  y0  and  r,  cannot  be  ruled  out,  it  is  unlikely  that  Si 
acts  to  delay  onset  of  disease. 

It  is  generally  considered  that  partial  resistance  to  rice  blast  is  most  effective  in 
areas  of  moderate  or  sporadic  disease  severity  (16,36),  For  this  reason,  breeding 
programs  in  areas  with  heavy  severity  of  rice  blast  have  focused  upon  the  development  of 
lines  with  complete  or  durable  resistance  at  the  expense  of  partial  resistance  (124).  When 
partially  resistant  lines  are  grown  where  blast  is  severe,  they  typically  require  inputs  of 
fungicide  to  provide  an  economic  return  (36),  The  most  logical  choice  for  growers  in 
these  regions  is  to  plant  resistant  cultivars;  however,  it  is  not  uncommon  for  blast- 
resistant  cultivars  to  become  susceptible  within  a few  years  following  their  release.  Rice 
farmers  are  then  forced  to  apply  chemicals  to  control  blast  or  face  serious  losses 
(110,162). 

One  of  the  objectives  of  this  study  was  to  determine  if  applications  of  Si  to  soil 
for  partially  blast-resistant  and  blast-susceptible  cultivais  could  decrease  leaf  and  neck 
blast  to  levels  observed  for  resistant  cultivais  grown  without  Si.  With  regaid  to  leaf  blast, 
application  of  Si  at  500  or  1000  kg  ha'1  reduced  severity  of  leaf  blast  on  partially  blast- 
resistant  cultivars  to  levels  equal  to  those  seen  on  blast-resistant  cultivars  at  both 
locations.  At  La  Libcrlad,  the  severity  of  leaf  blast  on  IRAT 143  that  had  received  500  or 
1000  kg  of  Si  ha'1  was  not  significantly  different  than  that  for  Oryzica  Sabana  10  (blast- 
resistant)  without  Si;  however.  Si  applications,  regardless  of  rale,  did  not  reduce  the 
severity  of  leaf  blast  on  Oryzica  1 to  the  same  level  as  Oryzica  Llanos  5 without  Si.  The 
overall  effectiveness  of  Si  on  partially  blast-resistant  and  blast-susceptible  cultivars  at  La 
Libertad  could  have  been  greater  due  to  the  lower  disease  severity  as  compared  to  Santa 


Rosa,  or  gcnclic  differences  in  Ihe  cullivars  Ihemselvcs.  The  applicaiion  of  Si  at  1000  kg 
ha'1  reduced  the  incidence  of  neck  blast  on  Linea  2 (at  Santa  Rosa)  as  well  as  the  resistant 
cullivar  without  Si.  Similar  responses  were  not  observed  on  Oryzica  l(at  either  500  or 
1000  kg  of  Si  ha'1),  or  Linea  2 at  500  kg  of  Si  ha1.  At  La  Libertad,  all  rates  of  Si  reduced 
incidence  and  severity  of  neck  blast  to  levels  lower  than  those  observed  on  the  blast- 
resistant  cultivar.  It  is  clear  that  the  response  of  partially  resistant  and  susceptible 
cullivars  to  fertilization  with  Si,  for  the  rates  tested,  is  dependent  upon  the  overall 
severity  of  disease  at  a given  location.  Higher  inherent  severity  of  disease  at  specific  sites 
may  require  larger  amounts  of  Si  fertilizer  to  reduce  leaf  and  neck  blast  as  effectively  as 
blast-resistant  cullivars. 

Leaf  scald  was  more  severe  than  leaf  blast  on  all  cullivars  at  Santa  Rosa  and  La 
Libertad.  No  differences  in  susceptibility  to  scald  were  detected  among  cultivars  at  Santa 
Rosa,  while  IRAT  143  was  more  resistant  than  Oryzica  Sabana  10  and  Linea  2 at  La 
Liberlad.  Regardless  of  the  cultivar,  severity  of  leaf  scald  was  reduced  by  fertilization 
with  Si.  Silicon  concentration  in  leaf  tissue  was  negatively  correlated  with  severity  of 
scald  on  all  cultivars  at  Santa  Rosa  and  on  Linea  2 at  La  Libertad.  Leaf  scald  is 
considered  to  be  a disease  of  minor  importance  in  rice  when  early  plantings  are  made,  but 
can  occasionally  cause  yield  reductions  with  later  plantings  (45,65).  Leaf  scald  is 
typically  a late  season  disease  (65)  and  appeared  in  other  tests  at  this  location  prior  to 
appearing  in  this  study.  Leaf  scald  was  more  severe  at  Santa  Rosa  than  at  La  Libertad. 

The  test  at  Santa  Rosa  was  planted  a month  later  than  normal  and  could  have  been 
subjected  to  higher  levels  of  inoculum  from  neighboring  tests.  While  the  mechanism  by 
which  Si  reduces  scald  is  unknown,  it  is  important  to  note  that  infection  by  the  causal 


164 

agcnl  of  scald,  Monograpliella  albescens,  is  through  stomata.  A physical  banicr  of  Si  in 
the  cuticle  layer  of  the  rice  leaf  (160)  would  likely  not  affect  the  process  of  infection  by 
M.  albescens.  Perhaps  increased  Si  in  the  epidermis  of  the  rice  leaf  acts  to  reduoc  lesion 
expansion,  latent  period,  or  some  other  factor  involved  in  spore  production. 

Yields  of  rough  rice  were  increased  on  all  cultivars  at  both  locations  by  the 
application  of  Si  at  rates  of  500  and  1000  kg  ha'1,  confirming  previous  reports  of  the 
yield-enhancing  potential  ofSi  (43,42,46,127,136,152).  The  cultivars  planted  at  Santa 
Rosa,  as  a group,  yielded  higher  than  those  planted  at  La  Libcrtad.  Genotypic  differences 
between  the  two  groups  of  rice  cultivars  and  differences  in  soil  fertility  between  the  two 
sites  could  be  responsible  for  higher  yields  at  the  Santa  Rosa  site.  Increases  in  yield  due 
to  the  application  of  Si  have  been  attributed  to  control  of  diseases  such  as  blast  and  brown 
spot,  and  to  improved  plant  nutrition  (47,50, 1 27,1 36),  In  this  study,  the  role  of  leaf  and 
neck  blast  in  the  reduction  of  yield  varied  by  cultivar.  There  was  no  significant 
correlation  between  incidence  or  severity  of  neck  blast  and  yield  of  rough  rice  from  blast- 
resistant  cultivars  at  either  location,  or  of  the  partially  blast-resistant  cultivar  at  Santa 
Rosa.  A highly  significant  negative  con-elation  was  found  between  the  incidence  and 
severity  of  neck  blast  and  yield  forOryzica  I andIRAT  143  (both  blast  susceptible),  and 
for  Linea  2 at  La  Libcrtad.  Leaf  blast  was  negatively  conelated  with  yield  of  rough  rioc 
for  Linea  2 (Santa  Rosa)  and  all  cultivars  planted  at  La  Libcrtad.  Yield  was  negatively 
correlated  with  leaf  scald  on  all  cultivars  at  Santa  Rosa,  and  was  of  greater  importance  in 
the  reduction  of  yield  than  leaf  blast.  At  La  Libertad,  only  yields  of  Linea  2 were 
negatively  impacted  by  leaf  scald.  Clearly,  increased  yield  cannot  be  explained  entirely 


by  the  reduction  of  disease  by  Si.  and  must  also  be  a function  of  improved  Si  nutrition  in 
the  rice  plant. 

Of  the  components  of  yield  examined,  grain  fill  and  the  weight  of  filled  grains  for 
all  cultivars  was  most  strongly  affected  by  fertilization  with  Si.  The  number  of 
paniclcs/m*  and  thousand  grain  weight  were  increased  on  all  cultivars  at  La  Libertad. 
Both  Dercn  cl  al.  (46)  and  Ma  et  al.  (91 ) have  reported  that  grain  fill  is  the  component  of 
yield  most  significantly  impacted  by  fertilization  with  Si.  Fertility  of  spikclcts  within  a 
panicle  is  enhanced  by  fertilization  with  Si  (91),  and  is  reflected  in  the  increase  in  the 
number  of  filled  grains  when  Si  is  applied.  Improved  control  of  leaf  and  neck  blast  by  Si 
could  be  responsible  for  improved  grain  fill  in  this  study.  Foliar  diseases  such  as  leaf 
blast  and  leaf  scald  arc  known  to  reduce  photosynthesis,  thereby  reducing  total  available 
nutrition  for  the  production  of  grain.  Neck  blast  may  girdle  stems  and  panicle  branches, 
resulting  in  partial  or  complete  blockage  of  the  flow  of  nutrients  to  developing  grains. 
This  in  turn  reduces  spikelet  fertility  and  grain  fill  (45,1 10). 

In  addition  to  improving  quantity  of  yield,  fertilization  with  Si  improved  the 
quality  of  yield,  regardless  of  the  cultivar,  at  both  locations.  The  percentage  of  whole 
grains  harvested  increased  linearly  as  the  rate  of  Si  applied  to  soil  increased.  The 
percentage  of  grains  broken  during  the  milling  process  is  directly  related  to  grain  maturity 
and  moisture  level  (45,68).  Over-ripe  or  under-ripe  grains  tend  to  be  more  fragile,  as  do 
heavily  diseased  grains  or  grains  damaged  by  insect  feeding.  In  addition  to  reducing 
diseases.  Si  is  known  to  promote  earlier  panicle  maturity  and  uniform  ripening  of  grains 
(45),  The  improvements  in  milling  quality  for  Si-treated  cultivars  at  Santa  Rosa  were 
significantly  correlated  with  the  rate  of  Si  applied;  however,  no  significant  correlations 
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were  found  for  milling  quality  at  La  Libertad.  Grain  discoloration  was  also  significantly 
reduced  on  all  cultivars  at  both  locations  by  the  application  of  Si.  These  data  are  in 
agreement  with  Winslow  (152),  who  reported  that  the  application  of  calcium  silicate  to 
Si-deficient  upland  soils  in  Africa  reduced  grain  discoloration  on  eight  rice  genotypes. 
Reductions  in  grain  discoloration  improve  the  milling  quality  of  rough  rice  and  also  the 
overall  grade,  thereby  increasing  the  value  of  a given  crop  of  rice. 

Silicon  can  be  used  successfully  with  blast-susceptible  and  partially  blast-resistant 
cultivars  to  manage  leaf  and  neck  blast,  and  also  leaf  scald.  Depending  upon  the  rate  of 
Si  fertilizer  applied  to  Si-deficient  soil,  the  severity  of  these  diseases  on  susceptible  and 
partially  resistant  diseases  can,  in  some  cases,  be  reduced  to  the  same  levels  os  those 
observed  for  blast-resistant  cultivars.  This  could  make  Si  a useful  tool  for  managing  rice 
diseases,  possibly  in  conjunction  with  reduced  rates  of  fungicide  or  specific  times  of 
application,  and  may  provide  alternatives  to  rice  growers  in  areas  where  blast-resistant 
cultivars  have  become  susceptible  due  to  shills  in  populations  of  M.  grisea.  Because 
breeding  for  resistance  to  multiple  diseases  can  be  difficult,  the  ability  of  Si  to  reduce 
diseases  such  as  leaf  scald  provides  an  alternative  for  control  of  these  diseases.  The 
improvements  in  yield  and  quality  of  yield  (increased  milling  quality  and  reductions  of 
grain  discoloration)  on  all  cultivars  obtained  through  fertilization  with  Si  could  provide  a 
means  for  rice  growers  in  upland  ecosystems,  and  in  other  Si-poor  environments,  to 
realize  significant  economic  gains  with  only  a minor  increase  in  input  costs.  Even  where 
blast-resistant  cultivars  are  deployed,  improvements  in  yield  and  yield  quality  alone 
would  justify  the  application  of  Si  fertilizers.  According  to  McLean  (99),  demand  for  rice 
will  increase  by  more  than  60%  in  the  next  30  years  as  the  world's  population  increases. 
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In  areas  where  plant-available  Si  is  known  to  be  deficient,  supplying  an  adequate  level  of 
Si,  as  shown  in  this  study,  could  raise  yields  by  up  to  60%  and  help  rice  growers  meet  the 
demand  for  greater  production  of  rice  in  the  coming  years. 


CHAPTER  VI 

EFFECT  OF  SILICON  ON  COMPONENTS  OF  RESISTANCE  TO  BLAST  IN 
SUSCEPTIBLE,  PARTIALLY  RESISTANT,  AND  RESISTANT  CULTIVARS  OF 
RICE 

Introduction 

Rice  blast,  caused  by  Magnaporthe  grisea  (Hebert)  Barr,  is  the  most  destructive 
fungal  disease  of  rice,  particularly  in  temperate,  irrigated  rice  and  tropical  upland  rice 
(15,1 10).  The  pathogen  can  infect  all  above-ground  parts  of  the  rice  plant,  but  is  most 
common  on  leaves  as  leaf  blast  during  the  vegetative  stage  of  growth  or  as  neck  blast  on 
neck  nodes  and  panicle  branches  during  the  reproductive  stage  (16,15,145).  Although  not 
as  damaging  as  neck  blast,  leafblast  can  be  severe  in  tropical  upland  rice  and  can 
significantly  reduce  leaf  area  and  yields  in  some  cases  (10,124). 

Cultivars  of  rice  with  cither  complete  or  partial  resistance  to  blast  are  routinely 
utilized  to  control  the  disease  (16,15,36,94,1 10).  Complete  resistance,  which  corresponds 
to  van  der  plank's  (147)  vertical  resistance,  is  characterized  by  a hypersensitive-type 
response  to  infection  and  (ends  to  be  short-lived  in  nature  due  to  the  appearance  of 
pathogenic  races  of  M.  grisea  not  affected  by  specific  major  genes  for  resistance  (15,94). 
This  is  a result  of  natural  variability  in  populations  of  M.  grisea,  or  of  a failure  to  select 
and  advance  breeding  materials  in  the  presence  of  pathogen  populations  that  represent 
those  encountered  in  commercial  fields  (34,36,124).  Cultivars  of  rice  with  partial 
resistance  to  blast  are  highly  effective  in  controlling  the  disease,  especially  in  tropica) 
lowland  environments  (17).  Partial  resistance,  also  referred  to  as  horizontal  or  rate- 


reducing  resistance,  is  controlled  in  plants  by  multiple  genes  that  have  quantitative  effects 
against  the  pathogen,  and  is  thus  more  durable  in  nature  (94,1 14,147).  Partial  resistance, 
asdclined  by  Parlevlict(ll4),  is  a type  of  incomplete  resistance  characterized  by  reduced 
production  of  spores  despite  a susceptible-type  reaction  by  the  host  to  the  pathogen.  The 
overall  effect  of  fewer  spores  is  a reduction  in  the  rate  of  epidemic  progress.  Cultivars  of 
rice  with  complete  resistance  to  blast  may  also  possess  some  degree  of  partial  resistance 
(123,162). 

Rate-reducing  resistance  to  plant  diseases  has  been  shown  to  be  affected  by 
various  components  that  act  to  limit  the  production  of  spores  or  secondary  inoculum  by  a 
given  pathogen  (1 14).  Reductions  in  the  rate  of  progress  of-an  epidemic  in  plants  with 
partial  resistance  to  various  pathogens  have  been  associated  with  a lengthened  latent 
period  (period  between  inoculation  and  sporulalion),  reduced  infection  efficiency  (the 
number  of  sporulating  lesions  per  unit  of  inoculum),  reduced  lesion  size  (length  or 
diameter),  retarded  rate  of  lesion  expansion,  shortened  period  ofsporulation,  and  reduced 
number  of  spores  per  lesion  (32.51,71,101,104,1 14,118,123,125,150).  Roumen(123) 
found  no  differences  in  latent  period  or  incubation  period,  which  is  the  period  between 
inoculation  and  appearance  of  symptoms,  of  A/,  griseu  among  three  cultivars  of  rice  with 
varying  degrees  of  partial  resistance  to  rice  blast;  however,  cultivars  expressing  high 
levels  of  partial  resistance  had  fewer  sporulating  lesions  per  leaf  and  smaller  sporulating 
area  per  lesion  than  cultivars  with  lower  or  no  resistance  to  blast.  Other  researchers 
indicate  that  some  variability  in  latent  period  of  rice  blast  exists  between  oultivars  of  rice 
with  partial  resistance  to  rice  blast  (26,121,159).  Yeh  and  Bonman  (159)  repotted  that 
sporulalion  from  individual  lesions,  as  determined  by  washing  conidia  from  excised 
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lesions  of  blast,  was  significantly  greater  for  blast-susceptible  cultivars  than  for  partially 
resistant  and  resistant  cultivars. 

The  application  of  silicon  (Si)  to  soils  deficient  in  Si  has  been  shown  to  reduce  the 
severity  of  rice  blast  in  both  irrigated  and  upland  rice  (43,42,47,129,130,152).  Work 
presented  in  chapters  2 and  3 of  this  dissertation  suggests  that  Si  reduces  the  rate  of 
progress  of  blast  epidemics,  and  that  Si  influences  the  expression  of  partial  resistance  to 
blast.  However,  little  is  known  about  the  effects  of  fertilization  with  Si  on  components  of 
resistance  to  rice  blast.  Volk  et  al.  (149)  demonstrated  that  increased  levels  of  Si  in  leaf 
tissue  of  rice  decreased  the  number  of  sporulating  lesions  per  leaf  when  inoculated  with  a 
known  concentration  ofconidia  of  M.grisca,  indicating  an  effect  of  Si  on  the  infection 
efficiency  of  the  blast  pathogen.  Silicon  has  been  shown  to  affect  several  components  of 
resistance  to  powdery  mildew  of  cucumber  (101).  They  found  that  infection  efficiency  of 
Sphaerolhecafulginea,  colony  size,  and  germination  of  conidia  were  reduced  when 
cucumbers  were  grown  in  nutrient  solutions  with  high  concentrations  of  Si. 

The  purpose  of  this  study  was  to  evaluate  the  effects  of  rates  of  Si  on  several 
components  of  resistance  to  rice  blast  for  cultivars  with  no  resistance,  partial  resistance, 
or  complete  resistance  to  rice  blast.  Components  of  resistance  evaluated  were  incubation 
period,  latent  period,  infection  efficiency,  lesion  size,  proportion  of  leaf  area  with  disease, 
rate  of  lesion  expansion,  and  levels  ofsporulation  per  lesion. 

Materials  and  Methods 

Experiments  on  components  of  resistance  to  rice  blast  were  conducted  in 
greenhouses  at  the  University  of  Florida  at  Gainesville.  Rice  cultivars  'M201', 

■Rosemont’,  ‘Lemont’,  ond  ‘Katy’  were  chosen  to  represent  a range  of  resistance  types  to 
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race  IB-49  of  M.  grisea.  Cullivar  'M201'  has  no  major  genes  for  resislance  lo  race  IB-49 
and  is  completely  susceptible.  'Roscmont'  and  'Lemont'  are  partially  resistant  to  race 
IB-49,  and  'Katy'  is  completely  resistant  (M.A.  Marchctti,  personal  communication). 

The  following  components  of  resistance  were  evaluated  on  each  cultivar:  incubation 
period,  latent  period,  relative  infection  efficiency,  lesion  si7.e,  total  area  of  lesions  per 
leaf,  spore  number  per  lesion,  and  daily  rate  of  lesion  expansion. 

The  soil  type  used  was  a Si-deficient  Histosol  (Terra  Ccica  muck),  obtained  from 
the  New  Hope  Sugar  Corp.  near  Belle  Glade  FL,  with  a Si  content  of  approximately  5.0 
mg  L'1.  Styrofoam  cups  measuring  10.5  * 17  cm  were  filled  with  muck  soil  and  amended 
with  calcium  silicate  (Vansil  W-20,  R.T.  Vanderbilt,  Norwalk  CT)  at  rates  equivalent  to 
0, 2, 5,  and  10  metric  tons  (T)  ha*'.  Available,  soluble  Si  from  Vansil  W-20  was 
approximately  20%.  Calcium  carbonate  was  added  to  cups  treated  with  0, 2,  and  STIta1 
calcium  silicate  lo  equilibrate  the  amount  of  calcium  in  each  treatment  with  the  amount 
present  in  the  lOTha'1  treatment  (1. 3 g per  cup).  Seeds  of  each  cultivar  were  germinated 
in  petri  plates  and  seeded  at  a rate  of  five  seedlings  per  cup.  At  approximately  10  days 
afier  planting,  each  cup  was  thinned  to  two  plants.  No  modifications  were  made  to  the 
cups  to  allow  for  drainage,  and  plants  were  kept  under  flooded  conditions  until  time  of 
inoculation.  The  experiment  was  conducted  as  completely  randomized  design  with  16 
treatments  and  three  replications.  All  experiments  were  repeated  three  times,  with  the 
exception  of  the  lesion  size  and  sporulation  studies  (repeated  twice  only). 

Inoculations  were  made  at  dusk  on  or  about  the  time  of  emergence  of  the  sixth  or 
seventh  leaf  from  the  bottom  of  the  main  tiller,  which  was  approximately  35  days  after 
planting,  using  an  aerosol  sprayer  (Crown  Spra-Tool,  Fisher  Scientific,  Pittsburg  PA). 
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Twenty  milliliters  of  a conidial  suspension  was  applied  as  a fine  mist  to  the  two  plants 
per  oup.  Inoculum  was  obtained  as  follows.  Isolate  793  (IB49)  otM.  grisea  was  grown 
on  20%  V-8  agar  to  produce  inoculum.  On  the  day  of  inoculation,  a petri  plate  containing 
a sporulating  culture  of  isolate  793  was  flooded  with  5 ml  of  distilled  water  and  scraped 
with  a rubber  policeman.  The  resulting  suspension  was  then  homogenised  and  adjusted 
to  a concentration  of  1.2  * lO'conidiaml'.  Gelatin  was  added  at  l%w/v  to  the  conidial 
preparation  to  aid  in  adhesion  to  leaf  surfaces.  Inoculated  plants  were  transferred  to  a 
mist  chamber  and  maintained  at  100%  R.H.  for  15  hours.  Plants  were  then  removed  and 
kept  dry  until  the  appearance  of  symptoms  of  blast.  When  symptoms  appeared,  each 
plant  was  placed  in  a polyethylene  bag  and  leaves  were  wetted  with  a hand  mister  to 
induce  sporulation.  Bagged  plants  were  maintained  in  an  incubation  chamber  at  28  C for 
the  duration  of  the  experiments. 

Resistance  to  M.  grisea  is  known  to  increase  as  leaf  age  of  the  rice  plant  increases; 
therefore,  leaves  5 and  6 on  the  main  tiller  of  each  plant  were  used  to  insure  that  leaves 
used  to  evaluate  components  of  resistance  to  blast  were  of  the  same  age  class.  Incubation 
period,  latent  period,  and  lesion  expansion  were  determined  on  attached  leaves. 

Incubation  period  was  scored  as  the  dale  of  appearance  of  necrotic  flecks  (initial  lesions) 
on  marked  leaves.  Five  randomly-chosen  lesions  per  cup  were  examined  for  the  presence 
ofconidia  with  a hand  held  microscope  (I00«)  eveiy  24  hours  to  determine  the  beginning 
of  sporulation.  Latent  period  for  each  treatment  was  rated  as  the  time  at  which  60%  of 
the  lesions,  or  three  of  the  five  tested,  began  to  sporulale  (LP„ ).  The  daily  rale  of  lesion 


live  emerging  lesions  on  marked  leaves  on  the  first  day  of  emergence,  followed  by  daily 
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measurements  that  ended  when  expansion  ceased.  Depending  upon  the  treatment,  fewer 
than  five  lesions  were  evaluated  on  the  resistant  'Katy-  due  to  a lack  of  lesions. 

Spomlation  per  lesion  was  determined  in  the  following  manner.  Five  sporulating 
lesions  per  pot  were  excised  and  each  placed  in  a scintillation  vial  containing  I ml  of  a 
1%  w/v  solution  of  copper  sulfate  plus  a small  drop  of  a 1 % v/v  solution  of  Triton  X-100 
(Rohm  and  Haas,  Philadelphia  PA),  Copper  sulfate  was  added  to  the  suspension  to 
prevent  germination  of  the  conidia.  These  were  then  stored  at  3°  C until  evaluation. 

Vials  were  agitated  vigorously  using  a Vortex  Genie  2 (Scientific  Industries,  Bohemia 
NY)  for  two  minutes.  Following  agitation,  10  samples  were  drawn  from  each  vial  and 
the  number  of  conidia  were  counted  with  a hemacytometer  and  mathematically  related  to 
the  number  of  conidia  ml'1  Because  lesion  size  varied  among  lesions  for  a given 
treatment,  and  between  lesions  from  different  treatments,  the  number  of  conidia  ml'1  was 
adjusted  to  reflect  size  of  lesion  as  follows.  After  counting  conidia,  excised  lesions  were 
removed  from  scintillation  vials  and  fixed  to  a sheet  of  paper.  Each  group  of  five  lesions 
(from  each  treatment)  was  then  digitally  photographed  with  a Canon  RE-650  Mk  II  Video 
Visualizer  (Canon  USA,  Lake  Success  NY),  and  captured  on  a personal  computer  with  a 
TARGA+  frame  grabber  (Truevision,  Inc.,  Indianapolis  IN).  Area  of  lesions  (mm1)  was 
determined  by  analyzing  stored  images  with  Sigma  Scan  Pro  version  2.0  (Jandcl 
Scientific,  San  Rafael  CA).  The  number  of  conidia  from  a given  lesion  was  then  divided 
by  the  corresponding  lesion  size  to  obtain  the  number  of  conidia  per  mmJ  of  lesion.  Due 
to  a lack  of  lesions,  between  one  and  four  were  evaluated  for  'Katy',  depending  upon  the 


rate  of  calcium  silicate. 
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When  all  lesions  had  emerged  on  marked  leaves  and  had  reached  maximum  size, 
iwo  leaves  from  each  cup  were  removed  and  fixed,  using  double  sided  lape,  lo  21.6  * 28 
cm  sheets  of  paper.  Leaves  from  each  treatment  were  photographed  as  described 
previously.  Leaf  area,  number  of  spondating  lesions,  size  of  sporulating  lesions 
(measured  as  length  of  the  longest  axis  of  each  lesion),  and  leaf  area  with  lesions  was 
estimated  from  stored  digital  images  using  Sigma  Scan  Pro  v.  2.0.  Sporulation  of  fully 
expanded  lesions  was  verified  prior  to  photography  of  each  leaf  with  a hand-held 
microscope  (100*).  The  number  of  sporulating  lesions  was  divided  by  total  leaf  area  to 
obtain  a relative  number  of  lesions  per  mm'  of  leaf.  A visual  estimation  of  leaf  area  with 
lesions  was  also  made  for  comparison  with  computer-generated  values. 

Approximately  10  g of  leaf  tissue  were  harvested  from  each  treatment  and  dried 
for  analysis  of  Si  content.  Dried  leaves  were  ground  in  a Wiley  mill  (Thomas  Scientific, 
Swcdesboro,  NJ)  to  pass  through  a 40-mesh  screen.  Ground  tissue  was  assayed  using  the 
autoclave-induced  digestion  procedure  of  Elliot  and  Snyder  (48).  Percent  Si  of  tissue  was 
determined  from  the  digestatc  using  automated  colorimetric  analysis. 

Data  were  analyzed  by  analysis  of  variance  (ANOVA)  and  linear  regression 
where  appropriate  using  SAS  for  Windows  version  6.12  (SAS,  Cary  NC).  Log 
transformation  was  employed  in  cases  where  data  were  not  normally  distributed. 
Comparisons  of  visual  estimates  of  disease  with  those  obtained  by  using  Sigma  Scan 
were  made  by  analyzing  differences  in  means 
NC). 


t with  the  univariate  procedure  (SAS,  Cary 
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The  interaction  between  main  effects  was  not  significant  for  each  of  the 
components  tested  (P>0.05)  (Table  6.1);  therefore,  means  are  presented  by  cultivar, 
averaged  across  rate  of  calcium  silicate,  and  by  rate  of  calcium  silicate,  averaged  across 
cultivar. 

Incubation  and  latent  periods.  Incubation  period  ranged  from  3.5  to  4.5  days, 
depending  upon  the  cultivar  (Fig.  6.1a).  No  significant  differences  in  incubation  were 
found  among  'M201',  'Rosemont',  and  'Lemont'  (P>0.05);  however,  the  incubation 
period  of  the  resistant  cultivar  'Kaly'  was  significantly  longer  than  for  the  remaining 
cultivars(Ps0.05)(Fig.  6.1a).  Regardless  of  cultivar,  incubation  period  increased  in  a 
significant,  linear  manner  as  the  rate  of  calcium  silicate  increased  (Ps0.05)  (Fig.  6.1b-c). 
The  increase  in  incubation  period  associated  with  higher  rates  of  Si  was  more  pronounced 
for  'Katy'  than  for  the  remaining  cultivars  (Fig.  6.1c)  Latent  period  ranged  from  6.47  to 
6.77  days  and  did  not  differ  significantly  between  cultivars  (P=0.10)  (Fig.  6.2a).  No 
significant  linear  relationship  was  found  between  latent  period  and  rale  of  calcium  silicate 
for  any  of  the  cultivars  tested  (PXJ.05)  (Fig.  6.2b-c).  Latent  period  was  significantly 
longer  on  •Lemont'  and  'Katy'  than  on  the  remaining  cultivars  at  2 and  5 T of  Si  ha-',  but 
was  significantly  lower  at  10  T of  Si  Ita'1  (Fig.  6.2c). 

Relative  Infection  Efficiency.  Relative  infection  efficiency  of  Af.  grisea, 
determined  as  the  number  of  sporulating  lesions  per  mm  ! of  leaf  area,  was  highest  on 
‘M201’  and  'Rosemont'  and  lowest  on  ‘Katy’  (Fig.  6.3a).  The  cultivar  'Lemont'  had  71 
and  91%  fewer  sporulating  lesions  per  leaf  area  than  'M20I'.  Relative  infection 
efficiency  was  97%  lower  on  'Katy'  as  compared  to  'M201',  and  was  significantly  lower 
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Figure  6. 1 — Continued 


Fig-  6.2.  Effecls  of  calcium  silicaie  applied  al  0, 2, 5,  and  10  T ha'1  on  latent  period  of  M. 
grisea  for  the  cultivars  ‘M20l\  'Roscmont',  'Lcmont',  and  ‘Katy’  of  rice.  Pari  (A) 
represents  mean  latent  period  of  A/,  grisea  for  each  cultivar,  averaged  across  rate  of 
calcium  silicate.  Part  (B)  illustrates  the  relationship  between  latent  period  and  rates  of 
calcium  silicate,  averaged  across  means  for  all  cultivars,  and  (C)  shows  effecls  on  latent 
period  for  each  cultivar  and  rate  of  calcium  silicate.  Bars  with  the  same  letter  in  (A)  do 
not  differ  significantly  at  P=0,05  as  determined  by  Fisher's  protected  LSD  test.  Bars  in 
(C)  represent  standard  errors  of  means.  All  data  arc  the  mean  of  up  to  5 lesions  per 
treatment,  three  replications,  and  three  repetitions  of  the  experiment. 
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Fig.  6.3.  Effects  of  calcium  silicate  applied  at  0,2, 5,  and  10  T ha*1  on  the  number  of 
sporulating  lesions  of  blast  (relative  infection  efficiency)  the  cultivars  ‘M201', 
•Rosemont’,  'Lemont',  and  ‘Katy’  of  rice.  Part  (A)  represents  the  mean  number  of 
sporulating  lesions  mm'!  of  leaf  for  each  cullivar , averaged  across  rate  of  calcium 
silicate.  Part  (B)  illustrates  the  relationship  between  the  number  of  sporulating  lesions 
mm'1  of  leaf  and  rate  of  calcium  silicate,  averaged  across  means  for  all  cultivars,  and  (C) 
shows  effects  on  the  number  of  sporulating  lesions  mm'!  of  leaf  for  each  cultivar  and  rale 
of  calcium  silicate.  Bars  with  the  same  letter  in  (A)  do  not  differ  significantly  at  P=0.05 
as  determined  by  Fisher's  protected  LSD  test  performed  on  log-transformed  values.  Bars 
in  (C)  represent  standard  errors  of  means.  All  data  arc  the  mean  of  two  leaves  per 
treatment,  three  replications,  and  three  repetitions  of  the  experiment. 
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when  compared  lo  'Rosemont'  or  'Lemont'.  The  relationship  between  number  of 
spomlating  lesions  per  leaf  area  and  rate  of  calcium  silicate  was  linear  and  significant  for 
all  cultivars  (PsO.05)  (Fig  6.3b).  There  was  no  significant  change  in  the  number  of 
sporulating  lesions  on  'Katy'  at  any  rate  of  calcium  silicate  (Fig.  6.3c);  however,  the 
means  for  ‘Katy*  are  included  in  the  analysis  of  main  effect  for  rate  of  calcium  silicate 
due  to  a lack  of  interaction  between  main  effects.  When  the  rate  of  calcium  silicate  was 
increased  from  OT  ha'1  to  10  T ha'1,  the  number  of  spomlating  lesions  per  leaf  area 
decreased  by  more  than  than  90%  on  'M201',  ‘Rosemont’,  and  'Lemont'  (Fig.  6.3b-c). 

Lesion  length.  Lesion  length  was  longer  for  ‘M20I’  than  for  'Rosemont', 
'Leniont',  and  ‘Katy’  (P=0.05)  (Fig.  6.4a).  Lesion  length  did  not  differ  significantly 
between  'Rosemont'  or  'Lemonl',  and  lesion  length  was  lowest  for  'Katy'  (PsO.05)  (Fig. 
6.4a).  Considering  all  cultivars,  lesion  length  was  significantly  reduced  by  36-46%  when 
the  rate  of  Si  increased  from  0 T ha'1  to  10  T ha'1  (Ps0.08)  (Fig.  6.4b-c).  At  0 T of  Si 
ha1,  lesions  on  'M201'  and  'Rosemont'  did  not  differ  in  length  (Fig.  6.4c). 

Lesion  expansion.  Regardless  of  the  rate  of  Si,  the  daily  rate  of  lesion  expansion 
was  significantly  higher  on  'M20C  than  on  ‘Rosemont’,  'Lemont',  or  'Katy'  (Fig.  6.5a). 
Rate  of  lesion  expansion  was  42  and  59%  slower  on  'Rosemont'  and  'Lemont', 
respectively,  as  compared  to  ‘M20I  ’ and  did  not  differ  significantly  between  these  two 
cultivars.  Rate  of  lesion  expansion  was  significantly  slower  (Ps0.05)  by  on  'Katy'  than 
on  'Rosemont',  'Lemont',  or  'M201'  (P=0.05)  (Fig.  6.5a).  For  all  cultivars,  rate  of  lesion 
expansion  significantly  decreased  from  0.8  lo  0.43  mm/day  (49%)  as  the  rate  of  calcium 
silicate  increased  from  0 T ha'1  to  10  ha'1  (Ps0.07)  (Fig.  6.5b-c).  The  daily  rates  of  lesion 


Fig.  6.4.  Effects  of  calcium  silicate  applied  at  0, 2, 5,  and  10  T ha’1  on  length  of  blast 
lesions  for  the  cultivars  ‘M20I’,  'Rosemont',  ‘Lemont’,  and  ‘Katy’  of  rice.  Part  (A) 
represents  average  lesion  size  for  each  cultivar,  averaged  across  rates  of  calcium  silicate. 
Pan  (B)  illustrates  the  relationship  between  lesion  size  and  rate  of  calcium  silicate, 
averaged  across  means  for  all  cultivars,  and  (C)  shows  effects  on  lesion  size  for  each 
cultivar  and  rate  of  calcium  silicate.  Bars  with  the  same  letter  in  (A)  do  not  differ 
significantly  at  P=0.05  as  determined  by  Fisher’s  protected  LSD  test.  Bars  in  (C) 
represent  standard  errors  of  means.  Ail  data  are  the  mean  of  up  to  five  lesions  per 
treatment,  three  replications,  and  three  repetitions  of  the  experiment. 
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expansion  for  'M20I'  and  •Roscmonl’  did  not  differ  significantly  at  0 T of  Si  ha'1  (Fig. 
6.3c). 

Lesion  area  per  leaf.  Lesion  area  per  leaf,  or  percent  diseased  leaf  area,  was 
significantly  higher  on  -M201'  and  'Rosemont'  than  on  'Lcmont'  or  'Katy'  (PsO.05) 

(Fig.  6.6a),  No  significant  difference  in  lesion  area  was  found  between  'Rosemont'  or 
'Lcmont'  (P=0.05).  The  cultivar  ‘Lemont’  had  63%  less  diseased  leaf  area  than  'M201' 
(Fig.  6.6a).  Lesion  area  was  reduced  by  98%  on  'Katy'  when  compared  to  'M201'.  For 
all  cultivate  except  'Katy',  lesion  area  was  significantly  reduced  by  greater  than  90%  as 
the  rale  of  calcium  silicate  increased  from  0 to  10  T ha'1  (Ps0.05)  (Fig.  6.6b-c).  There 
was  no  change  in  % DLA  for  'Katy'  at  any  rate  of  calcium  silicate  (Fig.  6.6c).  Because 
the  interaction  between  cultivar  and  rate  of  calcium  silicate  was  not  significant  (P»0.05), 
the  means  for  'Katy'  are  included  in  the  analysis  of  the  main  effect  for  rate  of  calcium 

Visual  estimates  of  lesion  area  per  leaf  were  strongly  correlated  (r=0,94, 

PsO.OOOl ) with  those  obtained  by  computerized  analysis  of  digitized  images  of  diseased 
leaves  (Fig.  6.6a-b,  Table  6.2).  Visual  estimates  were  significantly  larger  than  computer- 
generated  estimates  or  lesion  area  per  lcaf(Ps0.05),  as  determined  by  comparison  of 
mean  differences  with  the  univariate  procedure  (SAS,  Caty  NC)  (Fig,  6.6a-b,  Table  6.2). 

Number  of  spores  per  mm1  of  lesion.  The  number  of  spores  per  mm'  of  lesion 
was  different  among  'M2011,  'Rosemont',  'Lemont',  and  'Katy'  (PsO.05)  (Fig.  6.7a). 
Sponilalion  per  mm!  of  lesion  for  'M201'  was  over  three  times  higher  than  for 
•Rosemont',  and  ten  limes  higher  than  for  'Lemont'.  Only  7 spores  mm'  were  recovered 
from  lesions  on  'Katy'  (Fig.  6.7a).  For  all  cultivars,  the  relationship  between  rate  of 
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calcium  silicate  and  the  number  of  spores  per  mm!  oflesion  was  linear,  but  significant 
only  at  P=0.10  (Fig.  6.7b-c),  Sporulation  on  all  cullivars  per  mm2  oflesion  was  reduced 
by  47%  as  the  rate  of  calcium  silicate  increased  from  0 to  10  T ha  '.  The  lack  of 
interaction  between  cullivar  and  rate  of  calcium  silicate  for  the  number  of  spores  mm2  of 
lesion  permitted  the  analysis  of  main  effects  only.  However,  a closer  examination  of  the 
number  of  spores  mm2  oflesion  by  cullivar,  for  each  rate  of  Si,  indicated  that  only 
•M20I'  showed  a decrease  as  the  rate  of  Si  increased  (Fig.  6.7c). 

Percentage  of  Si  In  leaf  tissue.  The  concentration  of  Si  in  leaf  tissue,  in 
decagrams  (dag)  kg'1  did  not  differ  significantly  between  'M20I',  ‘Rosemont’,  ‘Lemont’, 
or  'Katy',  regardless  of  the  rate  of  Si  (PXI.05)  (Fig,  6.8a,  Fig.  6.8c).  For  all  cultivare,  the 
percentage  of  Si  in  leaf  tissue  was  increased  by  more  than  60%  as  the  rate  of  calcium 
silicate  increased  from  0 to  10  T ha'1  (PsO.OOOl)  (Fig.  6.8b-c). 

Discussion 

The  application  of  calcium  silicate  at  rates  of  0, 2, 5,  and  10  T ha'1  to  a Si- 
deficient  Histosol  significantly  affected  more  than  one  component  of  resistance  to  rice 
blast  for  the  cullivars  'M20I ',  ‘Rosemont’,  ‘Lemont’,  and,  in  some  cases,  ‘Katy’.  The 
amount  of  Si  present  in  leaf  tissues  was  found  to  increase  for  all  cullivars  when  the  rate  of 
calcium  silicate  was  increased,  indicating  that  effects  on  components  of  resistance  were 
associated  with  Si  content.  However,  the  content  of  Si  did  not  differ  among  cullivars 
when  all  rates  of  calcium  silicate  were  considered.  Relative  infection  efficiency  of  M. 
grisea  was  greatly  afTcctcd  by  cullivar  and  rale  of  calcium  silicate  in  this  study.  As 
reported  by  Osuna-Canizalez  et  al.  ( 105)  and  Roumen  (123),  the  relative  infection 
efficiency  of  A/,  grisea  was  lower  on  cullivars  of  rice  with  greater  resistance  to  blast  and 
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higher  on  more  susceptible  cultivars.  As  in  the  present  study,  both  Osuna-Canizalez  et  al. 
(105)  and  Roumen  ( 123)  defined  relative  infection  efficiency  as  the  number  of 
sporulating  lesions  per  unit  of  leaf  area  following  inoculation  with  a known  concentration 
of  conidia  of  M.  grisea.  Based  upon  the  magnitude  of  response  and  statistical 
significance,  relative  infection  efficiency  was  affected  more  by  rate  of  Si  than  the  other 
components  tested  in  this  study.  For  all  cultivars  but  ‘Katy’,  the  number  of  sporulating 
lesions  was  significantly  reduced  by  nearly  90%  when  the  rate  of  calcium  silicate  was 
increased  from  0 T to  2, 5,  and  10  T ha'1 . These  findings  confirm  previous  reports  that 
increased  levels  of  Si  in  the  tissue  of  blast-susceptible  cultivars  of  rice  arc  associated  with 
reductions  in  the  number  of  lesions  of  blast  (107,149).  The  effect  of  Si  on  relative 
infection  efficiency,  as  determined  by  the  number  of  sporulating  lesions,  is  apparent  on 
partially  resistant  or  susceptible  cultivars  and  is  rale-responsive.  In  the  case  of  'Katy', 
the  number  of  sporulating  lesions  found  on  plants  that  did  not  receive  calcium  silicate 
was  near  zero.  Therefore  differences  in  relative  infection  efficiency  at  different  rates  of 
calcium  silicate  were  impossible  to  detect  for  ‘Katy'.  A similar  response  was  reported  by 
Osuna-Canizalez  ct  al.  (107),  who  found  no  differences  in  the  number  of  sporulating 
lesions  among  resistant  cultivars  that  had  been  grown  in  a solution  containing  Si  and 
those  that  had  not  received  Si. 

It  is  important  to  note  thui  die  concentration  of  conidia  of  M.  grisea  used  in 
inoculations  in  the  present  study  was  80%  lower  than  those  used  in  previous  studies 
(107,123,149).  Further  testing  at  higher  concentrations  of  inoculum  should  be  conducted 
to  determine  if  the  effects  of  Si  on  susceptible  and  partially  resistant  cultivars  are  altered 
by  higher  severity  of  leaf  blast, 
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Severity  of  disease  was  measured  in  this  experiment  as  the  proportion  of  leaf  area 
occupied  by  lesions  ( , and  this  reflected  the  number  of  sporulating  lesions  for  each 
cultivar  and  rate  of  Si.  Estimates  of  severity  of  disease  made  visually  and  with  digital 
image  analysis  software  were  strongly  correlated;  however,  visual  estimates  were 
consistently  and  significantly  higher  than  those  computed  digitally  (PsO.05).  In  terms  of 
precision,  visual  estimates  were  similar  to  those  obtained  with  digital  analysis  and  can  be 
considered  reliable.  Computer-generated  estimates  were  more  accurate  than  visual 
estimates,  but  took  considerably  longer  to  calculate.  It  appears  that  digital  image  analysis 
is  better  suited  to  obtain  measurements  of  numerous  small  objects  such  as  lesions  rather 
than  for  gross  estimates  of  disease  severity  on  small  samples  of  leaves. 

The  size  of  lesions  of  A/,  grisea  corresponded  to  the  level  of  resistance  to  blast 
expressed  by  each  cultivar.  Lesion  size,  measured  as  length,  was  greater  for  ‘M2011, 
equal  between  ‘Roscmont’  and  ‘Lemont',  and  smallest  on  'Kaly'.  This  pattern  has  been 
observed  by  Roumen  (123)  and  Ych  and  Bonman  (159).  The  effect  of  rate  of  Si  on  lesion 
length  was  smaller  in  magnitude  and  statistically  less  significant  than  for  relative 
infection  efficiency  (number  of  sporulating  lesions).  Unlike  relative  infection  efficiency, 
lesion  length  was  reduced  on  all  cultivars  by  an  average  of  50%  with  increasing  rates  of 
Si.  Therefore,  the  mechanism  by  which  Si  acts  to  reduce  lesion  size  appears  to 
compliment  mechanism(s)  of  resistance  to  blast  possessed  by  the  cultivars  tested  in  this 
study.  Rate  of  lesion  expansion  was  closely  associated  with  the  length  of  lesions. 

Lesions  caused  by  M.  grisea  are  determinate  in  size  and,  in  this  experiment,  reached 
maximum  size  at  roughly  the  same  time  for  all  cultivars  and  rales  of  Si  (data  not  shown), 
resulting  in  measurements  similar  to  those  for  length  oflesion.  Of  these  two  components, 
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lesion  length  is  most  likely  more  important  as  a component  of  resistance  to  leaf  blast  than 
rale  of  expansion.  During  the  period  of  lesion  expansion,  sporulation  was  not  observed 
on  lesions  from  any  treatment,  but  instead  began  at  the  point  when  maximum  size  was 
reached.  The  rate  of  lesion  expansion  per  day  would  most  likely  not  effect  the  overall 
amount  of  secondary  inoculum  produced  and  is  merely  a function  of  the  size  of  a given 
lesion.  Lesion  expansion  is  of  more  importance  in  pathosystems  where  lesions  are 
indeterminate  and  continue  to  expand  until  host  tissue  is  completely  diseased,  or  nearly 
so  (14). 

Sporulation  per  lesion,  adjusted  for  lesion  size,  was  significantly  reduced  on  the 
partially  resistant  cultivate  'Rosemont'  and  'Lemon!',  and  on  die  completely  resistant 
'Katy'  as  compared  to  'M201' , These  data  confirm  previous  reports  of  differences  in 
sporulation  per  lesion  on  cultivate  with  varying  levels  of  resistance  to  rice  blast  (159). 

The  average  number  of  conidia  produced  by  a given  lesion  on  'M201',  averaged  across  all 
rales  of  Si,  was  775  mm*"  of  lesion  area.  The  number  of  conidia  produced  per  leaf  for 
'M20I ' , calculated  by  multiplying  775  conidia  mm*1  of  lesion  area  by  the  average 
proportion  of  leaf  area  with  sporulating  lesions  (2.21%)  and  an  average  leaf  size  of  1500 
mm1,  is  thus  26,000  conidia  per  leaf  at  the  time  of  sampling  in  these  tests.  It  is  clear  thal 
the  reductions  of  75-99%  in  sporulation  of  lesions  of  M.  grisea  on  'Rosemont',  'Lemont', 
and  'Katy'  have  the  potential  to  reduce  the  number  of  conidia  released  drastically  during 
the  infectious  period  of  a given  lesion.  This  in  turn  reduces  the  amount  of  inoculum 
available  to  promulgate  secondary  cycles,  thus  slowing  epidemic  development  (1 14). 

The  effect  of  Si  on  conidia  mm*!  of  lesion  was  less  clear.  When  the  average 
number  of  conidia  mm*1  of  lesion  is  pooled  across  means  for  'M201 


1',  'Rosemont', 


'Lemont',  and  'Katy'  (permissible  due  to  a lack  of  interaction  between  main  effects  in  the 
study),  a linear  decline  of  47%  is  observed  as  the  rale  of  Si  increases  from  0 to  10  T ha1. 
However,  the  response  is  significant  only  at  P=0.10,  and  an  examination  of  means  by 
cultivar  shows  that,  in  reality,  sporulation  per  lesion  area  is  reduced  by  Si  on  ‘M201‘  only 
(Fig.  6.7c).  Despite  having  nearly  the  same  content  of  Si  in  leaf  tissue  as  'M20 1 ',  no 
change  in  sporulation  can  be  identified  on  'Roscmont',  'Lemont',  or  'Katy'.  At  0, 5,  and 
10  T of  calcium  silicate  ha'1,  no  conidia  were  recovered  from  lesions  on  'Katy',  and  only 
a few  were  found  at  2 T of  calcium  silicate  ha'1.  It  is  important  to  note  that  the  total 
number  of  lesions  available  for  estimation  of  number  of  conidia  was  smaller  on  the 
partially  resistant  and  resistant-cultivais,  and  the  number  decreased  as  the  rate  of  Si 
increased.  For  all  cultivars  except  ‘M20 1 ',  small  sizes  of  samples  contributed  to  erratic 
estimates  of  the  number  of  conidia  mmJ  of  lesion.  In  the  case  of  'Katy',  sporulating 
lesions  were  rare  at  any  rate  of  Si,  making  it  difficult  to  estimate  sporulation.  This 
problem  could  be  remedied  by  increasing  the  number  of  plants  inoculated,  the  number  of 
replications  for  each  treatment,  and  the  number  of  repetitions  of  the  experiment.  It 
appears  that  two  tuns  of  this  particular  experiment  were  not  sufficient  to  estimate  fully 
the  effect  ofSi  on  sporulation  of  lesions  on  partially  resistant  and  resistant  cultivars. 
Because  the  number  of  sporulating  lesions  found  on  the  resistant  cultivar  was  extremely 
small,  sporulation  per  lesion  is  of  minor  importance  when  compared  to  the  reduction  in 
lesion  number  and  would  not  be  expected  to  be  influenced  by  Si. 

Although  an  extended  latent  period  has  been  identified  as  a significant  component 
of  resistance  in  several  pathosystems  (32,77,104,125,150),  no  significant  differences  in 
latent  period  of  Af  grisco  were  detected  among  cultivars  in  this  study.  These  findings  are 


in  agreement  with  those  of  Roumen  (123),  who  reported  only  small,  insignificant 
differences  in  latent  period  among  several  tropical  cullivars  of  rice  with  varying  levels  of 
resistance  to  M.  grisea.  He  also  reported  that  incubation  period  and  latent  period  were 
nearly  identical,  as  blast  lesions  were  capable  of  sporulating  within  a few  hours  of 
appearance.  In  the  present  study,  incubation  period  preceded  latent  period  by  2-3  days, 
depending  upon  the  cultivar.  It  is  important  to  note  that  the  tests  conducted  by  Roumen 
(123)  were  under  tropical  conditions  in  the  greenhouse,  and  that  only  emerging 
susceptible-type  lesions  were  evaluated  in  the  estimation  of  incubation  period.  In 
contrast,  both  resistant-  and  susceptible-type  lesions,  which  occurred  together  even  on  the 
blast-susceptible  'M201',  were  considered  valid  for  estimation  of  incubation  period  in  this 
study.  Resistant-type  lesions  were  visible  1-2  days  in  advance  of  the  appearance  of 
susceptible-type  lesions.  This,  coupled  with  cooler  temperatures  in  the  greenhouse  used 
in  this  study  could  account  for  differences  between  these  observations  and  those  of 
Roumen  (123). 

Incubation  period  of  A/,  grisea  was  significantly  longer  on  the  resistant  cultivar 
'Katy'  than  for  'M201',  'Roscmont',  or  'Lemon!',  yet  latent  period  did  not  differ  among 
any  of  the  cultivars.  Parlevliet  (1 14)  states  that  incubation  period  and  latent  period  tend 
to  “vary  in  a parallel  way".  By  this  logic,  the  4,5  day  incubation  period  of  M.  grisea  for 
'Katy'  should  have  translated  into  a latent  period  of  7.5  days  instead  of  the  reported  6.7 
days.  It  is  possible  that  the  sample  size  used  to  estimate  incubation  and  latont  period  for 
‘Katy’  was  too  small  to  provide  a reliable  estimate.  Because  few  lesions  actually 
appeared  on  ‘Katy’,  and  even  fewer  sporulatcd,  the  number  of  lesions  evaluated  was  by 
necessity  smaller  than  for  the  remaining  cultivars.  Evaluations  were  made  on  a 24-hour 


210 

basis,  and  lesions  that  sporulated  only  a few  hours  following  an  evaluation  would  have 
been  recorded  as  sporulating  a day  later  and  would  have  inflated  the  latent  period.  The 
incubation  period  of  Af.  grisea  significantly  lengthened  on  all  cultivars  as  the  rate  ofSi 
applied  was  increased;  however,  there  was  no  significant  effect  of  Si  on  latent  period  for 
any  of  the  cultivars.  Sample  size  or  the  timing  of  evaluations  may  have  biased  the 
estimates.  An  increase  in  the  number  of  inoculated  plants,  and  thus  number  of  lesions, 
and  an  increase  in  the  number  of  evaluations  within  a 24-hour  period  could  provide  a 
more  accurate  estimate  of  incubation  and  latent  period. 

In  field  studies,  presented  in  Chapters  3 and  4 of  this  dissertation.  Si  was  shown  to 
seduce  the  rate  of  progress  ( r ) of  epidemics  ofleaf  blast  and  also  to  increase  the  level  of 
resistance  to  leaf  blast  on  partially  resistant  and  susceptible  cultivars  of  rice.  From  this 
study,  it  is  clear  that  Si  acts  on  several  factors  in  spore  production.  The  component  of 
resistance  most  affected  by  Si  is  the  number  of  sporulating  lesions  (relative  infection 
efficiency)  and,  to  a lesser  extent,  lesion  size  and  sporulation  per  lesion.  By  reducing 
relative  infection  efficiency,  the  number  of  sporulating  lesions  that  can  contribute 
inoculum  for  secondary  cycles  is  curtailed,  and  reductions  in  size  of  lesions  further  limit 
production  of  inoculum.  This  is  best  illustrated  by  considering  Van  der  Plank’s  (148) 
basic  infection  rate,  R,  and  its  influence  on  the  production  of  inoculum.  The  basic 
infection  rate  is  calculated  as 

R=N  x e 

where  N equals  the  number  of  conidia  and  e equals  the  efficiency  of  those  conidia  in 
establishing  infections  that  produce  sporulating  lesions.  The  overall  effect  on  R is  a 
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change  in  (he  production  of  inoculum.  Reduced  sporulation  results  in  a depression  ofr. 
such  as  that  observed  in  the  field  studies  conducted  in  Chapters  3 and  4. 

The  results  from  controlled  tests  in  the  greenhouse  on  the  effects  of  Si  on  the 
severity  of  blast,  measured  as  percent  diseased  leaf  area,  paralleled  those  from  field 
studies  with  resistant,  partially  resistant,  and  susceptible  cultivars.  In  the  current  study, 
disease  was  reduced  on  ‘Lemont’,  'Roscmont',  and  'M201'  by  the  application  of  Si.  No 
response  was  observed  on  -Katy'  at  any  rale  of  Si.  In  the  field,  only  partially  resistant 
and  susceptible  cultivars  showed  reductions  in  severity  of  leaf  blast  when  treated  with  Si, 
as  was  observed  in  tests  performed  in  the  greenhouse.  Because  of  the  similarities  in 
previously  conducted  field  trials  and  the  current  study,  the  results  obtained  from  this 
study  arc  useful  in  the  interpretation  of  the  effects  of  Si  on  severity  of  blast,  and  also 
components  of  resistance  to  blast,  for  different  genotypes  in  the  field. 

Some  inferences  about  the  mcchanism(s)  by  which  Si  acts  to  reduce  blast  can  be 
drawn  from  the  present  study.  The  reduction  in  the  number  of  sporulating  lesions 
(relative  miection  efficiency)  on  partially  resistant  and  susceptible  cultivars  when 
fertilized  with  calcium  silicate  indicates  that  the  number  of  successful  infections 
established  per  unit  of  inoculum  was  lowered,  lending  credence  to  theories  that  Si  forms  a 
physical  or  chemical  barrier  to  penetration  (47,127,160).  It  was  observed  that  the  total 
number  of  lesions,  both  resistant-type  and  susceptible-type,  for  a given  cullivar  did  not 
increase  as  the  number  of  susceptible-type  lesions  was  reduced,  and  instead  decreased 
from  0.018  mm'1  to  0.005  mm2  of  leaf  area  as  the  rate  of  Si  increased  from  0 to  lOTha'. 
It  is  possible  that  the  effect  ofSi  manifests  itself  before  the  penetration  peg  of  M.  grisea 
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actually  enters  the  epidermis,  or  soon  thereafter,  which  is  indicative  of  some  form  of 
blockage  to  ingress  by  the  pathogen. 

Differences  among  cultivars  and  rates  of  Si  for  lesion  length  could  also  be 
influenced  by  the  accumulation  of  Si  in  epidermal  cells.  Volk  cl  al.  (149)  hypothesized 
that  lesion  size  could  be  reduced  by  organosilicon  compounds  in  the  walls  of  epidermal 
cells,  and  Inanaga  et  al.  (73)  later  proved  that  Si  docs  indeed  form  complexes  with 
organic  compounds  in  these  cells.  However,  it  is  possible  that  decreased  size  of  lesions 
on  Si-treated  plants  is  a result  of  heightened  induced  resistance  mechanisms  within  the 
host.  Silicon  has  been  shown  to  increase  the  amount  of  pathogenesis-related  defense 
compounds,  such  as  phcnolics,  peroxidases,  and  chitinases,  in  plants  other  than  rice  when 
challenged  with  fungal  pathogens  (24,28,102).  In  rice,  the  accumulation  of  phenolic 
compounds  occurs  at  the  margins  of  blast  lesions  following  establishment  of  infection 
and  is  dependent  upon  the  level  of  resistance  in  a given  genotype  of  rice  (123).  Lesions 
on  susceptible  cultivars  often  lack  a necrotic  margin,  while  lesions  on  partially  resistant 
and  resistant  cultivars  arc  smaller  and  possess  a prominent  margin  (74,123).  Formation 
of  a margin  around  lesions  is  a defense  response  to  infection,  and  it  is  possible  that  Si  acts 
in  some  way  to  enhance  this  response.  Histological  and  physiological  studies  on  the 
infection  process  of  M.  g risen  on  rice  are  needed  to  determine  the  actual  mechanism  or 
mechanisms  of  Si-mediated  resistance  to  rice  blast. 

The  results  from  this  study  underscore  the  importance  of  Si  in  resistance  to  rice 
blast,  particularly  for  partially  resistant  and  susceptible  cultivars.  The  cultivars  used  in 
this  study  came  from  breeding  programs  in  the  southeastern  United  Stales  and  were 
developed  on  Si-rich  mineral  soils.  When  'Lcmont',  'Rosemont',  and  'M201'  were 
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grown  on  a Si-deficient  soil  without  further  amendment  with  calcium  silicate,  levels  of 
disease  were  considerably  higher  than  for  the  same  cultivars  treated  with  various  levels  of 
calcium  silicate.  Breeders  who  are  developing  cultivars  for  use  in  upland  rice 
ecosystems,  or  other  Si-deficient  areas,  need  to  consider  the  impact  of  Si  on  components 
of  resistance  such  as  relative  infection  efficiency  and  lesion  size,  and  the  effect  this  might 
have  when  cultivars  adapted  for  Si-rich  environments  are  moved  into  Si-deficient  soils. 
Also,  judging  from  the  rate  response  to  calcium  silicate  observed  on  the  cultivars  tested  in 
this  study,  improved  uptake  of  Si  could  benefit  cultivars  grown  in  areas  not  deficient  in 
Si,.  Breeding  for  increased  uptake  of  Si  might  be  a means  by  which  existing  cultivars 
with  various  levels  of  resistance  to  blast  could  be  made  more  resistant  to  the  disease. 


CHAPTER  VII 

SUMMARY  AND  CONCLUSIONS 

Over  a three-year  period.  Si,  alone  or  with  fungicides  applied  at  specific  times  and 
at  reduced  rates,  was  shown  generally  to  reduce  severity  oflcaf  and  neck  blast.  Silicon 
alone  significantly  reduced  leaf  blast  severity  at  Santa  Rosa  and  Matazul,  and  a single 
fungicide  application  provided  further  reductions.  The  incidence  of  neck  blast  was 
reduced  by  Si  alone  significantly  at  Matazul  only;  however,  the  addition  of  fungicides 
provided  significant  levels  of  control  at  both  locations.  Under  conditions  of  high  disease 
severity,  such  as  were  present  at  Santa  Rosa,  three  or  more  fungicide  applications  plus  Si 
were  needed  to  provide  maximum  reductions  of  neck  blast.  At  Matazul,  a site  with  low 
disease  severity,  applications  of  fungicide  at  booling,  1%,  and  50%  heading  plus  Si 
controlled  neck  blast  as  well  as  two  to  five  sprays  plus  Si.  At  Matazul,  Si  alone 
significantly  reduced  scald,  and  the  greatest  reductions  were  observed  with  Si  plus  two  to 
three  fungicide  sprays.  Silicon  alone  did  not  increase  yields  at  Santa  Rosa,  and  tile  use  of 
fungicides  was  necessary  to  reduce  disease  significantly.  Silicon  plus  one  to  five 
fungicide  sprays  significantly  improved  yield,  with  two  or  more  applications  showing  the 
greatest  improvement.  At  Matazul,  Si  alone  significantly  raised  yields  and  all  Si  plus 
fungicide  treatments  provided  larger  gains  when  compared  to  untreated  controls.  At  both 
sites,  Si  plus  fungicides  reduced  grain  discoloration.  Two  or  more  fungicide  sprays  plus 
Si  reduced  discoloration  to  the  greatest  degree.  At  Matazul,  Si  alone  significantly 
reduced  discoloration.  Fertilization  with  Si  appears  to  be  a promising  means  by  which 


the  number  of  fungicide  applications  can  be  reduced  during  a growing  season.  Because 
of  the  low  rate  (400  kg/ha)  of  Si  applied,  disease  control  was  less  under  conditions  of 
high  severity  of  blast  than  under  conditions  of  low  severity  of  disease.  Higher  levels  of 
severity  of  disease  will  require  the  application  of  greater  concentrations  of  Si  to  soil. 

When  applied  at  1000  kg/ha.  Si  controlled  leaf  and  neck  blast  as  effectively,  and 
in  some  cases  more  effectively,  as  commercially  available  fungicides.  More  importantly, 
yields  were  increased  by  Si  to  the  same  degree  or  greater  than  the  fungicides  edifenphos 
and  tricyclazolc  at  labeled  rates.  Therefore,  it  is  possible  that  the  use  of  fungicides  could 
be  discontinued  altogether  if  adequate  levels  of  Si  arc  maintained  in  soil.  Because 
applications  of  Si  made  in  199S  had  significant  residual  activity  in  1996,  amendment  of 
soil  with  calcium  silicate  on  a yearly  basis  appears  to  be  unnecessary  to  provide 
acceptable  control  of  disease  and  increased  yield.  More  work  is  necessary  to  determine 
the  actual  longevity  of  activity  in  soil  for  a given  application  of  Si,  and  also  to  determine 
how  often  Si  should  be  applied  and  how  much  Si  is  required  to  sustain  adequate  levels  of 
plant-available  Si  in  soil. 

In  terms  of  disease  progress,  Si  reduced  the  overall  severity  of  leaf  blast  by 
reducing  the  apparent  infection  rate,  r,  of  the  epidemic.  The  reduction  of  r in  tum 
resulted  in  lower  amounts  of  final  disease  and  lower  AUDPC’s.  The  effect  of  Si  on  r 
suggests  an  effect  on  one  or  more  of  the  components  of  resistance  in  rice  to  blast 
(114,123). 

Silicon  was  shown  to  enhance  yields  and  disease  control  on  partially  resistant  and 
susceptible  rice  cultivars.  Where  the  level  of  disease  was  low.  Si  raised  resistance  to 
blast  in  susceptible  and  partially  resistant  cultivars  of  rice  to  the  same  levels  occurring  in 


a resistant  cultivar  (IRAT  143).  In  all  cultivars,  yields  were  significantly  increased  by  the 
addition  of  Si,  and  leaf  scald  was  decreased. 

In  tests  on  the  effects  of  Si  on  components  of  resistance  to  rice  blast  in 
susceptible,  partially  resistant,  and  resistant  cultivars,  it  was  shown  that  that  the  number 
of  sporulating  lesions  arising  from  a given  amount  of  inoculum  (relative  infection 
efficiency)  was  significantly  reduced  by  the  addition  of  calcium  silicate  at  2, 5,  and  10  T 
ha'1.  The  size  of  lesions  of  blast  and  sporulalion  of  individual  lesions  were  reduced  to  a 
smaller  degree  by  applications  of  calcium  silicate.  The  effects  on  these  components  of 
resistance  indicate  that  Si  forms  a physical  banier  to  penetration  by  the  blast  fungus,  and 
possibly  interacts  with  host  defense  mechanisms.  Further  work,  both  histological  and 
physiological,  is  needed  to  determine  effects  on  mechanisms  of  resistance  to  blast  in  rice. 
The  rice  cultivars  tested,  regardless  of  the  level  of  resistance  possessed  by  each, 
accumulated  Si  to  the  same  degree.  Because  of  the  differential  responses  to  disease  when 
treated  with  calcium  silicate  for  each  cultivar,  it  is  possible  that  utilization  of  Si  varies  for 
a given  cultivar. 

To  conclude,  Si  is  an  effective  means  by  which  blast,  and  leaf  scald,  can  be 
controlled,  and  by  which  yields  and  grain  quality  can  be  improved.  These  findings  are 
important  in  that  they  provide  additional  tools  for  management  of  important  and 
destructive  rice  diseases,  and  also  a means  by  which  yields  of  rice  may  be  increased 
without  further  genetic  improvements. 
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